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INTRODUCTION: 


The  overarching  goal  of  this  proposal  is  to  determine  if  the  mitochondrial  sirtuin  SIRT3  is  a  tumor 
suppressor  gene  (TSG)  that  may  be  used  to:  (1)  establish  a  murine  model  to  investigate  the 
mechanisms  of  carcinogenesis  in  ER/PR-positive  mammary  tumors;  and  (2)  determine  if  SIRT3 
may  serve  as  a  new  molecular  biomarker  that  correlates  with  clinically  and  pathologically 
significant  outcomes  including  response  to  therapy,  local  tumor  control,  disease  free  survival,  and 
overall  survival.  Preliminary  data  from  our  laboratory  demonstrated  that:  (1)  Sirt3  knockout  mice 
exhibit  decreased  mitochondrial  integrity  and  are  genomically  unstable  when  exposed  to  genotoxic 
agents;  (2)  Sirt3‘^'  MEFs  transformed  by  either  Myc  or  Ras  have  aberrant  intracellular  metabolism 
including  increases  in  glycolysis,  superoxide  levels,  and  chromosomal  abnormalities;  (3)  MnSOD 
prevents  immortalization  of  Sirt3'^~  MEFs  by  a  single  oncogene;  (4)  Sirt3  knockout  mice  develop 
ER/PR-positive  mammary  tumors;  and  (6)  SIRT3  expression  is  decreased  in  human  breast  tumors. 
Based  on  these  results  we  initially  proposed  a  hypothesis  that  longevity  genes  impact  the  process  of 
carcinogenesis  via  the  maintenance  of  mitochondrial  integrity  and  oxidative  metabolism. 
Specifically,  loss  of  sirtuin  expression  could  result  in  mitochondrial  damage  and  a  phenotype 
permissive  for  mammary  tumors.  In  this  regard,  we  proposed  to:  (i)  Identify  SIRT3  mitochondrial 
deacetylation  targets  and  determine  if  these  targets  are  regulated  by  extracellular  stimuli  known  to 
activate  sirtuin  function  (resveratrol).  These  targets  will  subsequently  be  knocked  down  (siRNA)  to 
determine  if  there  is  a  mechanistic  connection  between  the  increase  in  superoxide  and  stress- 
induced  genomic  instability  observed  in  Sirt3'^'  cells,  (ii)  Determine  if  exposure  to  resveratrol  or 
overexpression  of  a  MnSOD  gene  will  prevent  increases  in  ROS  in  MEFs  and/or  decrease  the 
development  of  mammary  tumors  in  SIRT3  knockout  mice  and  transformation  in  Sirt3' '  MEFs.  (iii) 
Determine  if  loss  of  SIRT3  protein  in  ER/PR-positive  and  negative  breast  samples  correlates  with 
clinically  significant  endpoints  including  response  to  therapy,  tumor  control,  disease  free  survival, 
and  overall  survival. 
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BODY: 

Statement  of  Work  -  Task  1  -  Identify  Sirt3  mitochondrial  deacetylation  targets  and 
determine  if  these  targets  are  regulated  hy  extracellular  stimuli  known  to  activate  sirtuin 
function  (e,g.,  resveratrol).  These  targets  will  subsequently  he  knocked  down  (with  siRNA)  to 
determine  if  there  is  a  mechanistic  connection  between  the  increase  in  superoxide  and  the 
stress-induced  genomic  instability  observed  in  SIRT3'^'  cells  (months  1-18), 

I.  Sirt3-Mediated  Deacetylation  of  Evolutionarily  Conserved  Lysine  68  and  122  Regulates 
MnSOD  Activity  in  Response  to  Stress.  (Tao  et  al.,  2010,  Molecular  Cell,  See  Appendix  A), 

The  work  proposed  in  task  1  has  made  the  most  progress  as  one  might  expeet  sinee  many  of  these 
experiments  were  proposed  to  provide  data  and  reagents  that  are  required  to  eonduet  the  work  in 
task  3.  In  addition,  task  2  should  take  the  longest  sinee  these  experiments  are  in  vivo 
ehemoprevention  work  and  will  take  most  of,  and  perhaps  all  of  the  two  years  requested  under  this 
proposal.  In  regards  to  task  1,  we  have  shown  that  genetie  deletion  of  Sirt3  results  in  inereased 
mitoehondrial  superoxide,  a  tumor  permissive  environment,  and  mammary  tumor  development.  As 
sueh,  it  was  proposed  in  task  1  to  determine  if  any  Sirt3-dependent  reversible  aeetyl-lysines  that  are 
regulated  via  Sirt3  by  extraeellular  stimuli  known  to  aetivate  sirtuin  funetion  including  resveratrol, 
fasting,  and  other  exogenous  agents  that  induce  cellular  oxidative  stress.  To  address  this  we 
exposed  mice  to  several  such  agents  and  determined  any  proteins  in  the  mitochondria  that  are 
deacetylated  by  Sirt3.  The  first  protein  that  we  identified  was  MnSOD  that  appeared  to  have  altered 
acetylation  as  well  as  the  function  activity  in  cells  lacking  Sirt3.  Specifically,  livers  of  Sirt3'^'  mice 
contained  hyperacetylated  MnSOD  as  well  as  exhibited  decreased  MnSOD  activity,  but  not 
immunoreactive  protein,  relative  to  wild-type  livers.  Re-introduction  of  wild-type,  but  not 
deacetylation  null  Sirt3,  into  Sirt3'^‘  MEFs  deacetylated  lysine  and  restored  MnSOD  activity.  Site- 
directed  mutagenesis  of  MnSOD  lysine  122  to  an  arginine,  mimicking  deacetylation  (lenti- 
MnSOD^^^^'^),  increased  MnSOD  activity  when  expressed  in  MnSOD'^'  MEFs,  suggesting 
acetylation  directly  regulates  function.  Furthermore,  infection  of  Sirt3'^'  MEFs  with  lenti- 
MnSOD^^^^'^  inhibited  in  vitro  immortalization  by  an  oncogene  (Ras),  inhibited  IR-induced 
genomic  instability,  and  decreased  mitochondrial  superoxide.  This  work  was  subsequently 
published  last  December  in  Molecular  Cell  (Tao  et  ah,  2010)'.  Finally,  lysine  specific  antibodies 
were  made  to  these  two  lysine  and  these  two  antibodies  will  be  used  in  task  3  to  identify  potential 
molecular  targets  for  ehemoprevention  and  molecular  biomarkers  that  may  be  used  to  develop 
personalized  treatment  protocols.  Thus,  this  work  showed  for  the  first  time  that  there  may  be  a 
connection  between  loss  of  Sirt3  and  the  aberrant  regulation  of  reactive  oxygen  species  levels  in  the 
mitochondria  that  may  play  a  role,  at  least  in  part,  in  the  mechanism  by  which  the  mice  lacking 
Sirt3  develop  ER-l-  tumors  as  well  as  develop  spontaneous  genomic  instability. 

II.  OSCP  Contains  an  Evolutionarily  Conserved  Lysine  that  is  Deacetylated  by  Sirt3  that 
Directs  ATP  Synthase  Activity.  (Pennington  et  al.,  2011,  Submitted,  See  Appendix  B) 

Genetic  deletion  of  Sirt3  in  vitro  and  in  vivo  decreases  mitochondrial  ATP  levels  suggesting  a 
mechanistic  connection  to  aberrant  energy  homeostasis  and  preferential  use  of  glycolysis  by  the 
mammary  tumors  that  develops  in  the  Sirt3  knockout  mice.  As  such,  we  investigated  if  the  aberrant 
energy  production  in  mice  lacking  Sirt3  may  play  a  role  in  why  these  mice  develop  mammary 
tumors.  ATP  synthase  is  made  up  of  multiple  proteins  and  it  is  primarily  responsible  for  the 
production  of  ATP  and  since  the  mice  lacking  Sirt3  have  decreased  ATP  levels  and  increased 
glycolysis  it  seemed  logical  to  propose  that  the  dys-regulation  of  ATP  synthase  may  play  a  role  in 
the  ER-H  tumor  permissive  phenotype  observed  in  these  mice. 
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OSCP  sits  atop  the  ATP  synthase  (FlFo  ATPase)  that  uses  chemiosmotic  energy  across  the  inner 
mitochondrial  membrane  to  convert  ADP  and  orthophosphate  to  ATP  '  .  We  have  shown  that 
OSCP  contains  at  least  one  nutrient  status-reversible  acetyl-lysine  that  is  evolutionarily  conserved 
in  multiple  species.  In  this  regard,  mass  spectrometry  demonstrated  that  lysine  139  is 
hyperacetylated  in  Sirt3  knockout  livers,  as  compared  to  the  control,  wild-type  mice.  Re- 
introduction  of  wild-type,  but  not  deacetylation  null  Sirt3,  into  Sirt3'^'  MEFs  deacetylated  OSCP 
and  increased  mitochondrial  ATP  levels.  IP  experiments  showed  a  physical  interaction  between 
OSCP  and  Sirt3.  A  series  of  in  vitro  and  in  vivo  analysis  demonstrated  that  OSCP  lysine  139  is 
deacetylated  by  Sirt3.  Finally,  OSCP  lysine  139  was  mutated  to  arginine,  mimicking  deacetylation 
(CMV-OSCP^'^^'^)  and  expression  of  CMV-OSCP^^^^'*^  increased  mitochondrial  ATP  levels 
demonstrating  that  Sirt3  post-translational  acetyl  signaling  contributes  to  mitochondrial  energy 
homeostasis  by  deacetylating  OSCP.  Finally,  a  lysine  specific  antibody  was  made  to  this  lysine  and 
this  antibody  will  be  used  in  task  3  to  identify  potential  molecular  targets  and/or  biomarkers.  These 
results  not  only  identify  an  additional  Sirt3  target  but  also  for  the  first  time  showed  that  the 
production  of  ATP  in  the  mitochondrial  is  regulated  by  a  mechanism  involving  the  post-translation 
modification  of  a  reversible  acetyl  lysine.  This  work  has  recently  been  submitted  and  is  in  review 
at  PNAS  and  the  manuscript  has  been  included  in  appendix  B. 


SIRT3  deacetylates  several  potential  reversible  acetyl-lysines  in  ATP  synthase  alpha  and  beta. 
Since  OSCP  appeared  to  have  a  reversible  acetyl-lysine  it  seems  reasonable  to  propose  that  the 
other  major  proteins  in  the  ATP  synthase  complex,  including  ATP  synthase  alpha  and  beta,  might 
also  have  Sirt3-dependent  reversible  acetyl-lysine(s).  To  address  this  question  a  series  of  in  vitro 
deacetylation  assays  were  preformed. 


Figure  1.  The  ATP  Synthase  complex 
contains  multiple  Sirt3-dependent 
reversihle  acetyl-lysines.  50  mg  samples  of 
highly  purified  bovine  FlFo  ATP  synthase 
were  separated  and  immunoblotted  with  an 
anti-acetyl  antibody  (left  panels).  These 
samples  were  mixed  with  PCAF  to 
acetylated  lysines  (middle  panels).  Finally, 
an  in  vitro  Sirt3  deacetylation  assay  was 
done  as  describe  above  and  samples  were 
separated  and  immunoblotted  with  an  anti¬ 
acetyl  antibody  (right  panel). 
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Affinity  purified  ATP  synthase  was  obtained  from  bovine  mitochondria  with  a  GST-tagged 
inhibitor  protein  (11-60)  that  was  obtained  (a  kind  gift  from  J.E.  Walker,  MRC,  unpublished). 
Subunits  from  two  50  pg  samples  were  resolved  by  SDS-PAGE  and  immunoblotted  with  an  anti- 
acetyl-lysine  antibody  (Fig.  1,  left  panel  lane  1)  or  stained  with  Coomassie  (lane  2).  These  results 
suggest  that  in  addition  to  OSCP,  ATP  synthase  proteins  alpha  and  beta  may  also  contain  specific 
reversible  acetyl-lysines.  These  samples  were  subsequently  treated  with  PCAF,  which  is  an  acetyl 
transferase  previously  shown  to  acetylate  potential  sirtuin  targets,  separated,  and  immunoblotted 
with  an  anti-acetyl  antibody  (Fig.  1,  middle  panel,  lane  1  vs.  2).  Finally,  the  PCAF-treated  ATP 
synthase  samples  from  lane  2,  middle  panel  were  mixed  with  recombinant  SIRT3  without  and  with 
NAD  for  an  in  vitro  deacetylation  assay,  similar  to  the  experiments  above  (Fig.  1,  right  panel,  lane  1 
vs.  2).  In  these  blots  the  ATP  synthase  alpha  and  beta  proteins  run  at  similar  locations,  and  based 
on  the  differences  in  band  intensity,  it  seems  reasonable  to  assume  that  these  two  proteins  contain 
multiple  reversible  acetyl-lysines  (Fig.  1,  right  panel,  lane  1  vs.  2).  Finally,  the  samples  in  Fig.  1, 
right  panel,  lanes  5  and  6,  were  isolated  and  analyzed  by  mass  spectrometry  (that  was  done  in  Dr. 
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Liebler’s  Proteinomics  group)  and  these  results  identified  10  alpha  and  5  beta  in  vitro  reversible 
acetyl-lysines  (Supporting  Data,  pages  1  and  2).  When  these  results  were  combined  with  published 
results  that  identified  mitochondrial  reversible  acetyl-lysines  after  CR  or  fasting  (12  hrs) 
(Supporting  Data)  we  determined  that  ATP  synthase  alpha  contains  7  reversibly  acetylated  lysines 
that  appear  in  all  three  data  sets  and  3  that  appear  in  two  data  sets.  In  addition,  beta  contains  3 
reversible  lysines  that  appear  in  two  data  sets.  These  combined  findings  strongly  suggest  that  the 
ATP  synthase  alpha  and  beta,  which  are  critical  to  the  generation  of  mitochondrial  ATP,  may  also 
be  SIRT3  deacetylation  targets  that  respond  to  stress  or  changes  in  cellular  nutrient  status.  We  are 
in  the  process  of  determining  if  these  lysines  are  function  in  the  regulation  of  ATP  synthase  activity 
and  when  this  is  done  antibodies  will  also  be  made  against  the  specific  lysine  as  outlined  above. 
Thus,  this  work  has  shown  for  the  first  time  that  ATP  production  via  Sirt3  acetylation  of  proteins 
within  the  ATP  synthase  complex  is  regulated  by  Sirt3  and  may  play  a  role,  at  least  in  part,  in  the 
tumor  permissive  phenotype  observed  in  mice  lacking  Sirt3.  This  work  is  not  ready  for  publication 
yet  but  we  anticipate  that  this  work  in  will  submitted  sometime  in  the  spring  of  2012.  In 
conclusion,  the  work  outlined  above  has  made  very  good  progress  in  addressing  the  research 
proposed  in  task  1 . 

Statement  of  Work  -  Task  2  -  Determine  if  exposure  to  resveratrol  or  overexpression  of  a 
MnSOD  gene  will  prevent  increases  in  ROS  in  MEFs  and/or  decrease  the  development  of 
mammary  tumors  in  Sirt3  knockout  mice  and  transformation  in  SIRT3'^'  MEFs  (months  7- 
24). 

I.  The  research  proposed  in  task  2  should  take  the  longest  since  these  experiments  are  in  vivo 
chemoprevention  work  and  will  take  most  of,  and  perhaps  all  of  the  two  years  under  this  proposal. 
In  addition,  these  experiments  were  not  slated  to  start  until  month  seven  and  as  such,  this  work  has 
only  just  begun.  However,  I  have  included  the  proposed  experiments  and  the  mice  housing, 
breeding,  and  generation  protocol  /  schema  that  is  nearly  completed.  All  mice  for  this  study  will  be 
housed  in  barrier  facilities  in  accordance  with  the  standards  set  by  the  Vanderbilt  Committee  on 
Animal  Care  and  according  to  our  Institutional  lACUC  protocol  number  M/10/078.  All  mice  will 
be  examined  daily  and  housed  in  a  specific-pathogen-free  animal  facility.  All  the  breeding  is  done 
in  the  barrier  facility  and  3  to  4  breeding  pairs  of  all  mice  strains  will  be  maintained  at  all  times  as 
founders  to  maintain  the  colonies  as  well  as  for  breeding  for  the  proposed  experiments. 
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Figure  2.  Generation  of  SIRT3  KO  (shown)  and  wild-type  mice  (not  shown)  for  task  2. 
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For  the  proposed  experiments  in  Aim  1,  a  total  of  130  female  SIRT3  knoekout  miee  are  required  for 
eaeh  of  the  two  groups  that  will  eontain  65  miee  eaeh  (eontrol  and  resveratrol).  An  outline  is 
provided  showing  how  we  will  generate  roughly  65  female  miee  (Fig.  2).  The  number  will  be  slight 
greater  than  65  to  adjust  for  deereased  liter  sizes  and  other  issues  so  as  the  desired  number  of  65 
mice  will  be  obtained.  This  breeding  scheme  will  be  done  in  a  very  similar  manner  to  generate  the 
number  of  mice  necessary  for  the  control  group.  These  mice  are  all  genetically  identical, 
originating  from  the  same  group  of  2  to  4  females  that  are  continuously  maintained  in  a  barrier 
facility  in  the  Medical  Center  North  (MCN)  mouse  facility  at  Vanderbilt. 

For  the  resveratrol  experiments  wild-type  and  Sirt3  knockout  mice  will  be  treated  with  resveratrol 
(AKSci,  Cat.  No.  605 12A)  supplemented  drinking  water  daily  (7.5  mg/mL)  while  the  control  group 
will  be  treated  with  carrier  drinking  water  (DMSO  0.015%)  daily.  The  drinking  water  will  be  kept 
away  from  light  and  changed  every  3  days,  and  the  mice  will  be  maintained  on  resveratrol  treatment 
until  tumor  formation  or  death.  This  regimen  has  previously  been  used  to  decrease  tumors  in  mice. 


These  experiments  have  been  somewhat  delayed  due  to  are  relocation  to  Vanderbilt  from  the  NCI 
however,  they  were  recently  started.  Generation  of  the  mice  required  for  the  work  in  task  2  is 
straightforward  but  somewhat  more  complex  than  the  mice  above.  Step  1  involves  the  generation 
of  the  MnSOD-Sirt3'^‘  mice  that  this  will  be  done  by  crossing  the  transgenic  MnSOD  mice  with  the 
Sirt3  knockout  mice  and  then  these  mice  will  be  back  crosses  to  obtain  the  MnSOD-Sirt3'^'  mice. 
To  obtain  roughly  9  male  mice,  one  cage  will  be  set  up  that  contains  2  females  and  1  male.  From 
this  round  of  breeding  8  MnSOD-Sirt3'^'  males  and  16  SIRT3'  '  females  will  be  mated  as  shown  in 
Figure  3.  Since  both  the  MnSOD^^^-Sirt3‘^'  males  and  Sirt3'^'  females  are  homogenous  for  loss  of 
Sirt3,  all  these  offspring  will  be  Sirt3'^‘.  In  addition,  since  all  the  male  mice  contain  the  MnSOD 
gene  on  both  chromosomes,  the  offspring  will  only  receive  one  copy  of  the  exogenous  MnSOD 
gene 


Mice  contain  the  transgenic  MnSOD 

gene  on  both  chromosomes  and  iack  Mice  iack  SIRT3  on 

SIRT3  on  both  chromosome  11.  both  chromosome  11. 


MnSOD+-SIRT3  /  x  SIRT3/ 


MnSOD+-SIRT3  / 


(Fig.  3).  As  such,  after  10  weeks, 
16  Sirt3'  '  females  and  8  MnSOD- 
Sirt3'^'  males  will  be  used  to  set  up  8 
cages  of  2  females  and  1  male.  This 
should  result  in  roughly  65  females 
and  65  males  that  contain  one  copy 
of  the  exogenous  MnSOD  gene  that 
also  lack  both  copies  of  Sirt3 
(MnSOD^-Sirt3'^')5  of  which  65  will 


100%  of  the  mice  wiii  contain  MnSOD 
gene  on  one  chromosome  and  iack 
SIRT3  on  both  chromosome  11. 


Figure  3.  Generation  of  the  MnSOD^-SIRT3‘^'  Mice 

controls  will  be  generated  as  described  above  (Figure  2). 
added  to  each  group  to  account  for  mice  that  may  become  infect  or  sick  and  these  mice  will  assure 
that  the  number  of  mice  that  can  be  evaluated  will  remain  at  or  above  65  mice  per  group. 


be  used  for  the  experiments 
proposed  in  Aim  2.  This  should  take 
roughly  6  months.  The  Sirt3 
knockout  mice  that  will  act  as 
Finally,  an  additional  5  mice  will  be 


II.  Procedures  for  reducing  discomfort,  and  stress:  Injection  procedures,  if  necessary,  will  be 
performed  as  outlined  in  our  murine  protocols  as  well  as  with  the  guidance  and  approval  of  the 
Vanderbilt  veterinarians.  For  anesthesia,  and  when  required,  mice  will  be  anesthetized  prior  to  all 
injections  using  Ketamine  at  a  dosage  of  100  mg/kg  body  weight  and  Xylazine  at  a  dosage  of  15 
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mg/kg  body  weight  by  intraperitoneal  injection.  The  depth  of  anesthesia  will  be  monitored  by 
respiratory  rate  and  toe-pinch  reflex.  Animals  will  be  monitored  daily  and  euthanized  when  ill. 
The  animals  will  be  housed  in  groups  of  up  to  5  animals  per  cage  when  possible;  however,  for  CR 
only  two  mice  per  cage  will  be  possible.  Animals  are  removed  from  the  sight  of  other  animals  for 
procedures  requiring  anesthesia,  and  are  returned  to  their  cages  as  quickly  as  possible,  usually  5-10 
minutes.  Mice  will  be  terminated  if  they  become  ill  (lack  normal  grooming  and  avoidance 
behaviors),  or  are  unable  to  eat  or  drink. 

III.  Statistical  Considerations:  The  primary  objective  of  several  aspects  of  this  grant  proposal  is 
to  compare  the  tumor  development  between  study  groups.  The  Vanderbilt  Power  and  Sample  Size 
Estimation  software  and  the  Radiation  Oncology  network  station  was  used  to  estimate  the  sample 
size  required  for  our  proposed  experiments  with  resveratrol  (task  2).  The  sample  size  calculations  are 
based  on  a  two-sample  chi-square  test  of  proportions  without  a  continuity  correction.  At  30 
months,  the  incidence  of  ductal  mammary  tumors  is  estimated  to  be  60%.  This  number  (60%)  is 
based  on  our  results  that  are  already  published  (Kim  et  ah,  2010,  Cancer  Cell)  as  well  as  an 
additional  20  mice  in  each  arm  that  was  just  completed  at  the  NCI.  If  CR  decreases  the  tumor 
incidence  to  35%,  the  number  of  mice  needed  in  each  arm  is  roughly  65  control  SIRT3  knockout 
mice  and  66  SIRT3  knockout  mice  placed  on  a  CR  diet,  which  will  give  80%  power  using  a  Type  I 
error  of  0.05.  These  proposed  experiments  are  on  going  and  it  is  still  too  early  to  make  any 
determinations  at  this  time.. 

Statement  of  Work  -  Task  3  -  Determine  if  loss  of  SIRT3  ductal  protein  in  ER/PR-positive 
and  -negative  breast  samples  from  the  Vanderbilt  Breast  Spore  correlates  with  clinically 
significant  outcomes  including  response  to  therapy,  local  tumor  control,  disease  free  survival, 
and  overall  survival  (months  1-24), 

In  this  task  we  proposed  to  conduct  H  &  E  stained  of  human  samples  or  slides  that  will  be  reviewed 
to  assess  the  diagnosis  and  grade,  in  a  blinded  manner  with  no  prior  knowledge  of  IHC  results.  In 
addition,  we  will  determine  clinicopathologic  variables  including  age,  tumor  grade,  stage,  mitotic 
count,  and  ER  and  PR  status  and  these  will  be  assesses  by  response  to  therapy,  local  tumor  control, 
disease  free  survival,  and  overall  survival.  These  endpoints  will  be  determined  via  Kruskal- 
Wallace  non-parametric  analysis  of  variance  will  be  done  to  determine  how  marker  expression 
varies  with  grade.  The  log-rank  test  will  be  used  to  evaluate  the  statistical  significance  of  disease- 
free  survival  by  the  Kaplan-Meier  method  for  univariate  analysis.  Einally,  log-plots  will  be  used  to 
estimate  survival  function  to  test  the  proportional  hazards  assumption.  The  Wald  test  will  be  used 
for  Cox  proportional  hazards  regression  analysis,  and  data  will  first  be  tested  to  ensure  they  meet 
the  assumptions  for  using  the  Cox  test. 

This  work  is  on  going  and  has  been  slightly  delayed  to  accommodate  the  new  antibodies  were 
validated  and  are  discussed  in  the  “statement  of  work  -  task  1  section”  that  may  be  molecular 
biomarkers.  In  addition,  new  preliminary  data  from  our  laboratory  and  others,  has  demonstrated 
that  mice  lacking  Sirt3  exhibit  increased  ROS,  including  superoxide  levels  (O2’),  due  to:  (1)  the 
aberrant  acetylation  of  oxidative  phosphorylation  complex  I-III  proteins;  and  (2)  the  aberrant 
regulation  of  MnSOD  ROS  scavenging  activity  (Tao  et  al,  2010,  Molecular  Cell,  Appendix  A)  that 
may  be  early  steps  in  carcinogenesis.  In  addition,  we  and  others  have  also  shown  that  cells  lacking 
Sirt3  also  exhibit  increased  HIE-la  as  well  as  the  expression  of  HIE-la-dependent  pro-proliferative 
proteins  resulting  in  cellular  metabolic  reprogramming  (Warburg  effect). 

I,  Sirt3  directs  cellular  metabolic  reprogramming  that  mirrors  the  Warburg  effect 
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Tumor  cells  exhibit  reprogramming  of  eellular  metabolism  involving  an  increase  in  glucose 
consumption  described  by  Otto  Warburg  60  years  ago  and  referred  to  as  the  “Warburg  effeet.” 
Interestingly,  any  underlying  cellular  processes  linking  aberrant  mitochondrial  metabolism  and 
increased  ROS  to  the  Warburg  effect  have,  until  reeently,  remained  unelear.  In  this  regard,  we 
have  shown  that  Sirt3'^'  eells  exhibit  increased  glueose  uptake  that  is  preferentially  used  to  make 
ATP  as  a  result  of  what  appears  to  be  the  aberrant  acetylation  and  decreased  aetivity  of  ETC 
complex  III^’^.  It  has  been  previously  suggested  that  mitochondrial  ROS  can  induce  HIE- la 
aetivity^'^,  and  eells  lacking  Sirt3  exhibit  inereased  ROS.  Thus,  is  there  a  connection  between  Sirt3, 
HIE- la,  and  ehanges  in  metabolic  reprogramming?  To  address  this  issue  we  showed  that  Sirt3''^‘ 
MEEs  exhibit  inereased  HIE-la  protein  levels  (Eig.  5a,  lane  1  vs.  4)  as  well  as  HIF-la  dependent 
gene  expression,  as  shown  by  eo-transfeetion  assays  using  an  HRE  luciferase  reporter  (Eig.  4b,  bar 
1  vs.  2).  In  addition,  exposure  to  NAC,  which  scavenges  ROS,  prevents  the  increase  in  HIF-Ia 
levels  (Figs  4a,  lane  4  vs.  5)  and  HIF-la  dependent  gene  expression  (Fig.  4b,  bar  2  vs.  4). 


a.  Sirt3+^+  Sirt3'^' 

Cont  NAC  SCR  Cont  NAC  SCR 


Cont  NAC  cRNA  shRNA  SCR 


Figure  4.  Loss  of  Sirt3  increases  HIFa  protein  levels  and  gene  expression  via  a  ROS-dependent  mechanism,  (a) 

Cell  extracts  from  Sirt3^^^  and  Sirt3'  '  MEFs,  with  and  without  exposure  to  either  NAC  or  stigmatellin  (SCR),  were 
blotted  with  an  anti-HIF-la  antibody,  (b)  MEFs  were  co-transfected  with  p3x-HRE-luciferase  with  or  without  NAC  or 
stigmatellin  and  40  hours  afterwards  luciferase  levels  were  determined,  (c)  MTCLT3'  '  Cells  were  exposed  to  NAC, 
control  shRNA,  HIF-la  shRNA,  or  stigmatellin  and  cell  doubling  times  were  determined.  All  the  experiments  for  this 
figure  were  done  in  triplicate.  *  indicates  P  <  0.05  by  t-test. 

As  such,  we  now  have  seientific  data  demonstrating  that  cells  lacking  Sirt3  exhibit  decreased  ETC 
complex  III  activity  that  may  play  a  critical  role,  at  least  in  part,  in  the  elevated  cellular  ROS  levels. 
Stigmatellin  is  a  chemical  agent  that  binds  to  complex  III,  inhibits  electron  transfer,  and  prevents 
generation  of  ROS^.  Exposure  of  Sirt3‘^'  MEFs  to  stigmatellin  decreased  HIF-la  levels  (Fig.  4a, 
lane  4  vs.  6)  and  HIF-la  gene  expression  (Fig.  4b,  bar  2  vs.  6).  In  addition,  tissue  culture  cells 
were  also  treated  with  either  NAC  or  stigmatellin  and  these  results  clearly  show  that  both  agents 
deereased  the 

growth  rate  of  mammary  tumor  cells  lacking  Sirt3  (Fig.  4c, 
lane  1  vs.  2  and  5).  Finally,  cells  were  treated  with  either 
eontrol  shRNA  or  HIF-la  shRNA  and  decreased  HIF-la 
protein  levels  were  observed  (data  not  shown)  as  well  as  an 
increase  in  the  tumor  cell  doubling  time  (Fig.  4c,  lane  3  vs  4). 

Decreases  in  several  other  in  vitro  transformation  properties 
including  growth  in  soft  agar,  foci  formation,  and  tumor 
formation,  were  seen  in  nude  mice  (data  not  shown). 

Thus,  we  propose  a  model  where  an  increase  in  ROS  and 
HIF-la  results  in  a  phenotype  favoring  both  genomic 
mutations  (Fig.  5.  blue  arrow)  and  proliferation  (purple 
arrow)  that  are  established  early  driving  events  for  breast 
tumorigenesis.  Thus,  it  is  hypothesized  that  ROS  and/or  HIF- 

Page  -  9  - 


\  SIRT3 

/  \ 


Aberrant 
complex  I-III 


IMnSOD 


V  / 

ROS 


/ 


Genomic 
instability 

XI 

tHIF  Additionai 

Gene  mutations 

X 

Figure  5.  CancerSMba©!  1  Cancer 


Warburg  effect 
Pro-Proiiferation 


David  Gius 


la  may  be  molecular  targets  for  therapeutic  intervention.  As 
such,  we  propose  that  mice  lacking  Sirt3  are  a  novel  in  vivo 

model  in  which  to  investigate  the  well  established  connection  between  decreased  SIRT3  levels  and 
ROS,  HIF-la,  the  Warburg  effect,  and  breast  malignancies.  We  would  propose  that  agents  thought 
to  scavenge  or  decrease  cellular  ROS  (O2’)  and/or  inhibit  HIF-la  activity  will  prevent  tumors  in 
Sirt3  knockout  mice.  If  this  is  true,  there  is  a  subgroup  of  human  breast  cancers  with  decreased 
SIRT3  expression  or  enzymatic  activity  for  which  these  agents  may  be  chemopreventive  or 
cytotoxic  on  their  own  and/or  synergize  in  combination  with  chemo-  or  radiation  therapy.  This 
work  is  being  investigated  in  the  laboratory  that  we  feel  falls  under  task  number  3. 


Over  the  last  10  years  it  has  been  suggested  that  there  our  four  major  subgroups  of  breast 
malignancies  (See  Prevalence  Table)  as  determined  by  genetic  biomarkers.  Our  preliminary  data 
suggests  that  the  tumors  observed  in  the  mice  lacking  Sirt3  may  be  genetically  similar  to  the 
luminal  B  cancer  or  more  likely  a  subgroup  of  this  classification  that  comprises  roughly  15%  of  all 
breast 


Subtype  Tumor  Bio  markers 


Prevalence 


Luminal  A 
Luminal  B 
TN/basal-like 
HER2+ 


ER+  and/or  PR+,  HER2-  low  Ki67 

ER+  and/or  PR+,  HER2+,  or  HER2-  high  Ki67 

ER-,  PR-HER2-CK5/6+,  or  HER1  + 

ER-,  PR-,  HER2+ 


42  -  59% 

6- 19% 
15  -  20% 

7- 12% 


cancers As  such,  a  critical 
aspect  of  our  research  proposal 
as  outlined  in  task  3  is  the 
identification  of  a  subgroup  of 
human  breast  cancer  tumors 
where  loss  of  SIRT3  is  an  early 
driving  or  initiating  event  in 
carcinogenesis.  Thus,  the  relationship  of  SIRT3  expression  to  clinicopathologic  parameters — age, 
tumor  grade,  stage,  mitotic  count,  ER  and  PR  status,  as  well  as  response  to  therapy,  local  tumor 
control,  disease  free  survival,  and  overall  survival  is  being  determined  with  a  series  of  biomarkers 
that  are  discussed  above.  These  include  the  new  antibodies  that  are  discussed  above  (OSCP^^^^, 
MnSOD^^^,  and  MnSOD*^'^^)  as  well  as  HIF-a,  and  the  markers  shown  in  the  table  above.  With 
the  recent  validation  of  these  antibodies  as  well  as  the  identification  of  HIF-a,  we  have  been 
staining  both  commercial  human  breast  cancer  arrays  as  well  as  the  human  samples  in  the 
Vanderbilt  Breast  Cancer  SPORE  sample  archive.  Thus,  we  hope  to  identify  a  subgroup  of  human 
breast  cancer  tumors  where  loss  of  SIRT3  is  an  early  driving  or  initiating  event  in  carcinogenesis 
that  has  a  proteomic  signature  that  also  includes  increased  ROS  and  HIE-la  that  is  likely  to  be  a 
subgroup  of  “Euminal  B”  breast  malignancies.  Thus,  these  experiments  are  intended  to  begin  the 
scientific  process  of  a  more  extensive  biological  characterization  of  the  proposed  Sirt3  knockout 
mouse  and  its  potential  use  as  a  model  of  the  subtype  of  mammary  tumors  that  are  observed  in  older 
women.  This  work  is  on  going  and  it  is  likely  that  a  manuscript  containing  these  results  should  be 
ready  to  send  out  some  time  in  the  summer  of  2012. 
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KEY  RESEARCH  ACCOMPLISHMENTS: 


1 .  The  identification  of  MnSOD  as  a  legitimate  Sirt3  deacetylation  target  that  for  the  first  time 
shows  that  post-translation  modifications  of  mitochondrial  proteins  plays  a  role  in  mitochondrial 
detoxification.  This  work  was  published  in  Molecular  Cell. 

2.  Sirt3  is  activated  in  vivo  by  36  hours  of  fasting  showing  for  the  first  time  that  Sirt3  is  a  nutrient 
distress  protein. 

3.  Sirt3  is  the  first  mitochondrial  tumor  suppressor  protein  that  may  play  a  role  in  the  development 
of  luminal  B  breast  malignancies. 

4.  Sirt3  regulates  the  ATP  synthase  complex  and  the  aberrant  regulation  of  ATP  synthase  may  play 
a  role,  at  least  in  part,  in  breast  cancers  that  are  similar  to  luminal  B  human  breast  malignancies. 

5.  Tumors  lacking  Sirt3  may  require  the  dysregulation  of  HIF-la  suggesting  that  there  may  be  a 
sub-group  of  human  tumors  that  may  response  to  HIF-la  inhibitors  in  both  chemoprevention  as 
potentially  as  anti-cancer  agents. 

6.  The  identification  of  MnSOD  function  as  both  a  molecular  mechanism  in  breast  cancers  as  well 
as  the  suggestion  that  agents  that  activate  MnSOD  or  scavenge  superoxide  may  be  agents  in 
chemo-prevention.  In  addition,  these  agents  may  also  be  anticancer  in  luminal  B  breast  tumors. 
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REPORTABLE  OUTCOMES: 


Manuscripts  supported  by  this  award: 

1.  Tao,  R.,  Coleman,  M.C.,  Pennington,  J.D.,  Ozkan,  O.,  Park,  S-H.,  Jiang,  H.,  Kim,  H-S.,  Flynn, 
C.R.,  Hill,  S.,  McDonald,  W.H.,  Olivier,  A.K.,  Spitz,  D.R.,  and  D.  Gius.  SirtS-Mediated 
Deacetylation  of  Evolutionarily  Conserved  Lysine  122  Regulates  MnSOD  Activity  in  Response 
to  Stress.  Molecular  Cell  40:893-904,  2010. 

2.  Kim,  H-S.,  Vassilopoulos,  A.,  Wang,  R-H.,  Lahusen,  T.,  Xu,  Z.,  Wang,  X.W.,  Gius,  D.,  and 
Deng,  C-X.  Mitotic  dysfunction  leads  to  genetic  instability  and  tumorigenesis  in  mice  lacking 
Sirt3.  Cancer  Cell,  (In  Press),  2011. 


Auimal  models  supported  by  this  award: 

1.  The  Sirt3  knockout  mouse  supported  by  this  award  is  now  available  to  other  researchers  who 
wish  to  work  on  ER-H  murine  breast  cancer  models. 

Traiuiug  supported  by  this  award 

1.  Ozkan  Ozden,  Ph.D.  (2010  -  present).  Post  Doctoral  Eellow. 

2.  Seong  Park,  Ph.D.  (2010  -  present).  Post  Doctoral  Eellow. 
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CONCLUSION: 


The  incidence  of  human  malignancies  increases  significantly  with  age,  suggesting  a  mechanistic 
connection  between  aging  (longevity)  and  carcinogenesis.  Breast  cancer  has  a  very  specific  age- 
related  incidence  that  increases  until  menopause  and  then  increases  more  slowly  until  the  mid  60 ’s, 
when  a  second  significant  increase  in  incidence  is  observed.  Breast  malignancies  that  develop  over 
time  very  likely  represent  a  spectrum  of  cancers  arising  from  different  types  of  hereditary  and 
spontaneous  tumors.  Murine  models  for  hereditary  breast  cancer  in  younger  women  have  been 
established  by  altering  the  expression  of  BRCA  genes,  and  these  mice  develop  triple  negative 
(ER/PR  negative,  her2neu)  tumors.  In  contrast,  there  are  no  murine  models  for  the  spontaneous 
breast  cancers  that  are  more  common  in  older  women.  The  work  supported  by  this  DOD  idea 
award  has  allows  us  to  not  only  validate  the  first  ER-H  in  vivo  murine  model  for  breast  cancers  but  is 
has  also  allowed  the  discovery  of  several  potential  molecular  targets  that  may  potential  be  used  for 
either  chemoprevention  or  as  anticancer  agents.  We  have  also  developed  three  antibodies  that  along 
with  the  human  SIRT3  antibody  that  will  allow  us  to  determine  potential  sub-groups  of  women  with 
breast  cancer  that  may  benefit  from  specific  anticancer  therapies.  In  addition,  these  antibodies  will 
allow  the  further  sub-classification  of  women  with  breast  malignancies  that  other  researcher  may 
find  helpful  in  their  own  research  into  the  mechanisms  of  both  breast  carcinogenesis  as  well  as  the 
potential  development  of  anticancer  agents. 
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Previously  identified  and  published  reversible  acetyl-lysines  present  in  ATP  synthase  proteins 
alpha,  beta,  and  gamma. 
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Kim  et  aL,  2006,  Molecular  Cell  ^  in  blue  letters 
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Gene  Name 
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ATP  synthase  subunit  alpha 
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161 
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ISEQSDAK*EK^ 

In  vitro  SIRT3  deacetylation  assay 

261 

STVAQEVK*R 

161 

VVDALGNAIDGKGPIGSKAR 

167 

VVDAEGNAIDGKGPIGSK*AR 

175 

VGEK*APGIIPR  ^ 

230 

TSIAIDTIINQK*R 

All 

AMK*QVAGTMK 

434 

QVAGTMK*EEEAQYR  ^ 

ATP  synthase  subunit  beta 
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SUMMARY 

Genetic  deletion  of  the  mitochondrial  deacetylase  sir- 
tuin-3  {Sirt3)  results  in  increased  mitochondrial 
superoxide,  a  tumor-permissive  environment,  and 
mammary  tumor  development.  MnSOD  contains 
a  nutrient-  and  ionizing  radiation  (IR)-dependent 
reversible  acetyl-lysine  that  is  hyperacetylated  in 
Sirt3“^^  livers  at  3  months  of  age.  Livers  of  Sirt3“^“ 
mice  exhibit  decreased  MnSOD  activity,  but  not 
immunoreactive  protein,  relative  to  wild-type  livers. 

Reintroduction  of  wild-type  but  not  deacetylation 
null  Sirt3  into  Sirt3“^“  MEFs  deacetylated  lysine  and 
restored  MnSOD  activity.  Site-directed  mutagenesis 
of  MnSOD  lysine  1 22  to  an  arginine,  mimicking  deace¬ 
tylation  (lenti-MnSOD*^^^^'^),  increased  MnSOD 
activity  when  expressed  in  MnSOD“^“  MEFs,  sug¬ 
gesting  acetylation  directly  regulates  function. 

Furthermore,  infection  of  Sirt3“^“  MEFs  with  lenti- 
MnSOD*^^^^"^  inhibited  in  vitro  immortalization  by  an 
oncogene  (Ras),  inhibited  IR-induced  genomic  insta¬ 
bility,  and  decreased  mitochondrial  superoxide. 

Finally,  IR  was  unable  to  induce  MnSOD  deacetyla¬ 
tion  or  activity  in  Sirt3“^“  livers,  and  these  irradiated 
livers  displayed  significant  IR-induced  cell  damage 
and  microvacuolization  in  their  hepatocytes. 

INTRODUCTION 

The  incidence  of  human  maiignancies  increases  exponentiaiiy  as 
a  function  of  age,  suggesting  a  mechanistic  connection  between 


aging  and  carcinogenesis  (Finkei  et  ai.,  2009).  Mammaiian  oeiis 
oontain  tumor  suppressor  (TS)  genes,  such  as  p53,  and  loss  of 
TS  function  results  in  a  damage-permissive  phenotype  (Sherr 
and  McCormick,  2002)  that  is  an  early  event  in  carcinogenesis. 
Sirt3  is  one  of  three  sirtuins  localized  to  mitochondria  (Onyango 
et  al.,  2002;  Schwer  et  al.,  2002)  and  is  the  primary  mitochondrial 
protein  deacetylase  (Lombard  et  al.,  2007).  Since  cancer  is 
a  disease  of  aging  and  sirtuin  genes  appear  to  defend  against 
cellular  damage  during  aging,  it  has  been  proposed  that  Sirt3 
plays  an  anticarcinogenic  role  and  functions  as  a  TS  protein 
(Kim  etal.,  2010). 

M  itochondria  are  thought  to  be  central  to  aging,  and  the  correct 
function  of  mitochondria  impedes  the  processes  of  aging  and 
carcinogenesis  by  tightly  regulating  the  reactive  oxygen  species 
generated  as  a  byproduct  of  normal  respiration  activities  (Singh, 
2006).  Mitochondrial  abnormalities  associated  with  altered 
oxidative  metabolism  are  observed  in  tumor  cells  in  vitro  and 
in  vivo  and  appear  to  contribute  to  a  chronic  condition  of  oxidative 
stress  (Aykin-Burns  et  al.,  2009).  One  intriguing  finding  from  our 
previous  work  demonstrated  that  cells  lacking  Sirt3  exhibited 
altered  metabolism,  including  a  significant  increase  in  mitochon¬ 
drial  superoxide  levels  when  exposed  to  IR.  In  this  regard, 
manganese  superoxide  dismutase  (MnSOD)  is  the  primary  mito¬ 
chondrial  scavenging  enzyme  that  converts  superoxide  to 
hydrogen  peroxide,  which  is  subsequently  converted  to  water 
by  catalase  (Spitz  and  Oberley,  1989).  Since  MnSOD  enzymati¬ 
cally  scavenges  superoxide,  which  is  increased  in  irradiated  cells 
lacking  Sirt3  (Kim  et  al.,  2010),  it  seemed  logical  to  suggest  that 
cells  lacking  Sirt3  might  have  altered  regulation  of  MnSOD. 

Sirt3  knockout  mice  develop  invasive  ductal  mammary 
tumors,  and  Sirt3“^“  mouse  embryonio  fibroblasts  (MEFs)  are 
easily  immortalized  and  transformed  by  infection  of  a  single 
oncogene  (Kim  et  al.,  2010).  SIRT3  levels  are  also  deoreased  in 
human  breast  malignancies  as  compared  to  normal  breast 
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Figure  1.  MnSOD  Protein  and  Superoxide 
Levels  in  $irt3  Wild-Type  and  Knockout 
Mouse  Livers  and  MEFs 

(A)  Livers  from  four  SirtS"^^"^  and  Sirt3“^“  mice  at 
5  and  1 3  months  of  age  were  harvested,  and  mito¬ 
chondrial  extracts  were  made.  Lysates  were  sepa¬ 
rated  by  SDS-PAGE,  transferred  onto  nitrocellu¬ 
lose,  and  processed  for  immunoblotting  with  an 
anti-MnSOD  antibody  (Santa  Cruz  Biotechnology, 
Inc.;  Santa  Cruz,  CA). 

(B)  Mitochondrial  superoxide  levels,  assessed 
using  MitoSOX  oxidation,  were  determined  in  the 
SirtS  wild-type  and  knockout  mouse  livers  at 
5  and  13  months  of  age.  Superoxide  levels  were 
measured  as  previously  described. 

(C)  Mitochondrial  superoxide  levels  were  deter¬ 
mined  in  wild-type  and  Sirt3“''“  MEFs  using  Mito¬ 
SOX  oxidation  at  culture  passage  number  three, 
as  previously  described  (Kim  et  al.,  2010).  Results 
in  this  figure  are  the  mean  of  at  least  three  separate 
experiments.  Error  bars  represent  one  standard 
deviation.  *  indicates  p  <  0.05  and  **  indicates 
p  <  0.01  by  t  test. 


tissues,  as  well  as  in  several  other  human  malignancies  (Kim 
et  al.,  2010),  suggesting  that  Sirt3  is  a  nuclear-encoded,  mito- 
chondria-localized  TS.  A  biochemical  examination  of  the 
in  vitro  transformed  Sirt3“^“  MEFs,  as  well  as  murine  tumors, 
strongly  suggested  a  potential  connection  between  aberrant 
mitochondrial  superoxide  levels  and  a  transformation/tumor- 
permissive  cell  phenotype.  Specifically,  a  statistically  significant 
decrease  in  mitochondrial  MnSOD  protein  levels  was  observed 
at  roughly  1  year  that  corresponded  with  the  first  incidence  of 
murine  mammary  tumors  (Kim  et  al.,  2010).  In  addition,  MnSOD 
transcription,  via  a  mechanism  involving  decreased  FOX03a 
acetylation,  was  shown  to  decrease  at  roughly  the  same  time 
that  the  first  tumors  were  observed  in  the  Sirt3  knockout  mice. 
Finally,  viral  overexpression  of  MnSOD  prevented  in  vitro  immor¬ 
talization  and  transformation  of  the  Sirt3“^“  MEFs  by  an  onco¬ 
gene  as  well  as  preventing  IR-induced  increases  in  mitochondrial 
superoxide  levels,  further  suggesting  a  role  of  MnSOD  in  the 
carcinogen-permissive  phenotype  observed  in  cells  lacking  Sirt3. 

However,  if  increased  mifochondrial  superoxide  levels  play 
a  role  in  carcinogenesis,  it  would  seem  logical  that  the  decrease 
in  MnSOD  protein/activity  would  occur  at  a  time  point  earlier  than 
1  year  when  it  was  observed  that  mammary  tumors  begin  to 
appear  in  the  Sirt3“'“  animals.  Thus,  while  the  mechanistic 
connection  between  the  Sirt3“^“  mouse  in  vivo  tumor-permis¬ 
sive  phenotype  and  increased  mitochondrial  superoxide 
seemed  strong,  the  definition  of  its  role  as  an  early  event  in  carci¬ 
nogenesis  seemed  incomplete.  Thus,  we  proposed  that  Sirt3 
might  regulate  mitochondrial  superoxide  levels  via  a  second 
mechanism  that  occurs  much  earlier  than  1  year  and  is  indepen¬ 
dent  of  total  mitochondrial  MnSOD  protein  levels.  If  this  is  the 
case,  then  loss  of  Sirt3  mighf  also  result  in  decreased  MnSOD 
enzymatic  activity  by  a  posttranslational  mechanism,  presum¬ 
ably  via  protein/lysine  acetylation,  which  might  account  for  the 
aberrant  increase  in  mitochondrial  superoxide  levels,  while  mito¬ 
chondrial  MnSOD  protein  levels  remain  unchanged. 


RESULTS 

The  Kinetics  of  MnSOD  Protein  Levels  Do  Not  Correlate 
with  Mitochondrial  Superoxide  Levels 

The  Sirt3  knockout  mice  develop  tumors  beginning  at  roughly 
1 3  months,  and  these  tumors,  as  well  as  the  in  vitro  transformed 
MEFs,  exhibit  significant  aberrant  mitochondrial  metabolism, 
including  elevated  superoxide  levels  (Kim  et  al.,  2010).  In  this  re¬ 
gard,  a  decrease  in  MnSOD  transcription  and  mitochondrial 
MnSOD  protein  is  also  observed  between  9  and  13  months  in 
the  Sirt3  knockout  mice,  as  compared  to  the  wild-type  mice 
(Figures  1A  and  S1A).  Interestingly,  mitochondrial  superoxide 
levels  are  significantly  increased  in  the  livers  of  Sirt3“^“  mice  at 
5  months  of  age  (Figure  1 B),  when  the  levels  of  mitochondrial 
MnSOD  protein  in  the  Sirt3  wild-type  and  knockout  mice  are 
identical  (Figure  1A). 

Mitochondrial  superoxide  levels  were  also  increased  in 
Sirt3“^“  MEFs  at  passage  three,  as  compared  to  the  Sirt3'^^'^ 
MEFs  (Figure  10),  while  MnSOD  levels  are  identical  (Figure  SI  B). 
No  changes  in  catalase  activity  (Figure  SIC)  or  catalase  protein 
levels  were  observed  between  these  mice  (Figure  SI  D).  Thus, 
these  results  suggested  that  Sirt3  may  be  involved  in  the  regula¬ 
tion,  at  least  in  part,  of  mitochondrial  superoxide  levels  via 
a  mechanism  involving  a  posttranslational  modification  of 
MnSOD.  Since  Sirt3  is  the  primary  mitochondrial  lysine  deacety- 
lase  (Lombard  et  al.,  2007),  it  seemed  reasonable  to  propose  that 
Sirt3  may  regulate  MnSOD  enzymatic  dismutase  activity  via 
changes  in  MnSOD  lysine  acetylation. 

MnSOD  Contains  a  Reversible  Acetyl-Lysine, 
and  MnSOD  Activity  Is  Decreased  in  Sirt3~'~  Cells 

Evidence  that  MnSOD  contains  reversibly  acetylated  lysine  resi¬ 
dues  was  obtained  when  wild-type  mice  at  3  months  of  age  were 
fasted  for  36  hr  and  liver  exfracts  were  harvested,  immunopre- 
cipitated  (IPed)  with  an  anti-MnSOD  antibody,  separated  into 


894  Molecular  Cell  40,  893-904,  December  22,  201 0  ©201 0  Elsevier  Inc. 


Molecular  Cell 

MnSOD  Activity  Is  Directed  by  SirtS  Deacetylation 


Cell 


IP:  IgG 

a-acetyl 
a-MnSOD 
Fasting  - 


IP  :  a-MnSOD 


IP:  IgG  a-MnSOD 

a-acetyl 

a-MnSOD 

SirtS  +/+  “/“  +/+  “/“ 


1.0 


o  g 
^  u 


0.5 


■3  '■e 


H  SirtS-^'-^ 
>K  B  0  Sirt3-/- 

I  la 


Age  3  months  13  months 


a-K122 

MnSOD" 


a-MnSODi 


3*^*^  passage 


SirtS  +/+  +/+  ■/■ 


F 


Figure  2.  MnSOD  Contains  a  Reversibly  Acetylated  Lysine  Residue,  and  Protein  Deacetylation  and  SOD  Activity  Are  Decreased  in  SirtT' 
Cells 

(A)  Isogenic,  3-month-old,  age-matched  SirtS'^^'^  mice  were  fasted  for  36  hr,  and  livers  were  harvested,  IPed  with  an  anti-MnSOD  antibody  (Santa  Cruz  Biotech¬ 
nology,  Inc.),  separated  into  two  equal  fractions,  and  subsequently  immunoblotted  with  an  anti-acetyl  (Abeam;  Cambridge,  MA)  or  anti-MnSOD  antibody. 

(B)  Livers  from  isogenic,  3-month-old,  age-matched  Sirt3'^'^'^  and  Sirt3“^“  mice  were  harvested,  IPed  with  an  anti-MnSOD  antibody,  separated  into  two  equal 
fractions,  and  immunoblotted  with  either  an  anti-acetyl  or  anti-MnSOD  antibody.  Representative  gels  are  shown  for  (A)  and  (B). 

(C  and  D)  MnSOD  activity  in  Sirt3  wild-type  and  knockout  mouse  livers  at  3  and  1 3  months  of  age  (C)  and  MEFs  at  passage  number  three  (D).  MnSOD  activity 
was  measured  via  a  competitive  inhibition  assay  as  described  (Spitz  and  Oberley,  1989).  Activity  data  for  MnSOD  are  presented  as  units  of  SOD  activity  per 
milligram  of  protein.  Results  in  this  figure  are  the  mean  of  at  least  three  separate  experiments.  Error  bars  represent  one  standard  deviation.  *  indicates  p  <  0.05 
and  **  indicates  p  <  0.01  by  t  test. 

(E)  Livers  from  isogenic,  3-month-old,  age-matched  Sirt3'^'''^  and  Sirt3“''“  mice  were  harvested  and  immunoblotted  with  an  anti-K122-MnSOD  antibody 
(Epitomics,  Inc.;  The  Rabbit  Monoclonal  Antibody  Company)  recently  produced  for  the  laboratory. 

(F)  Tandem  mass  spectrometry  from  MnSOD  demonstrates  acetylated  lysine  1 22  in  vivo.  Liver  mitochondria  from  wild-type  and  Sirt3“^“  mice  were  resolved  by 
SDS-PAGE,  followed  by  in-gel  trypsin  digestion,  separation  by  nanoscale  reverse-phase  chromatography  on  reverse-phase  columns,  and  analysis  by  OrbiTrap 
analyzer  via  an  electrospray  interface.  See  Supplemental  Experimental  Procedures  for  complete  description.  The  spectrum  represents  the  fragmentation  of  the 
m/z  ratios  of  the  MnSOD  peptide  sequences  GELLEAIK  (+2  charge  =  436.7580  monoisotopic  mass)  and  GELLEAlK-ac  (+2  charge  =  457.7633  monoisotopic 
mass). 


equal  fractions,  resolved,  and  then  immunoblotted  with  either  an 
anti-acetyl  (Figure  2A,  upper  panel)  or  anti-MnSOD  antibody 
(lower  panel).  These  experiments  showed  a  decrease  in  acety¬ 
lated  MnSOD  (Figure  2A,  upper  panel),  while  IPed  MnSOD  (lower 


panel)  and  total  mitochondrial  MnSOD  protein  levels  were  similar 
(Figure  S2A).  In  addition,  no  difference  in  MnSOD  protein  acety¬ 
lation  (Figure  S2B,  upper  panel),  IPed  MnSOD  (lower  panel),  or 
total  mitochondrial  MnSOD  protein  (Figure  S2C,  lane  1  versus  3) 
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was  observed  in  the  livers  of  the  Sirt3“^“  mice  at  3  months  of 
age  or  when  these  mice  were  fasted,  as  compared  to  the  fed 
mice. 

Livers  from  isogenic,  3-month-old,  age-matched  wild-type 
and  Sirt3“^“  mice  were  also  harvested,  IPed  with  an  anti- 
MnSOD  antibody,  separated  into  two  equal  fractions,  resolved, 
and  immunoblotted  with  either  an  anti-acetyl  (Figure  2B,  upper 
panel)  or  anti-MnSOD  antibody  (lower  panel).  These  results 
showed  that  MnSOD  acetylation  was  increased  in  the  Sirt3“^“ 
livers  (Figure  2B),  while  no  difference  in  total  MnSOD  (lower 
panel)  or  mitochondrial  MnSOD  (Figure  S20,  lane  1  versus  2) 
was  observed.  Nicotinamide  phosphoribosyl  transferase 
(NAMPT)  enhances  cellular  NAD  levels  and  increases  Sirtt  tran¬ 
scriptional  activity  in  a  dose-dependent  manner  (Revollo  et  al., 
2004),  so  it  seemed  reasonable  to  determine  if  NAMPT  levels 
are  increased  in  our  fasting  mice  and  whether  this  induces 
Sirt3.  Liver  samples  from  the  SirtO'^^'^  or  Sirt3“^“  mice,  with 
and  without  fasting,  were  immunoblotted  with  an  anti-NAMPT 
antibody,  and  no  change  in  NAMPT  levels  was  observed 
(Figure  S2D). 

These  results  support  the  hypothesis  that  MnSOD  is  a  target 
for  reversible  lysine  acetylation  mediated  by  Sirt3.  Thus,  MnSOD 
enzymatic  activity  was  determined  in  the  Sirt3  knockout  livers  as 
well  as  MEFs,  and  these  results  showed  that  MnSOD  activity 
was  significantly  decreased  in  liver  tissues  from  Sirt3“^“  mice 
at  age  3  months  and  Sirt3“^“  MEFs  at  passage  number  three 
(Figures  20  and  2D).  Total  MnSOD  levels  were  similar  in  the 
Sirt3“^“  livers  (Figure  S2C),  as  compared  to  the  SirtS"^^"^  liver 
controls.  In  addition,  immunoblotting  with  an  anti-acetyl-lysine 
122  MnSOD  (Epitomics,  Inc.;  Burlingame,  CA)  antibody  (Fig¬ 
ure  2E)  as  well  as  mass  spectrometry  (Figures  2F  and  S2E) 
demonstrated  an  increase  in  the  acetylation  of  MnSOD  lysine 
122  in  the  liver  samples  from  Sirt3“^“  mice  at  3  months  of  age, 
as  compared  to  age-matched  wild-type  mice. 

Re-Expression  of  SirtS  Deacetylates  MnSOD 
and  Restores  Superoxide  Dismutase  Activity 

To  determine  if  Sirt3  directly  deacetylates  MnSOD  and  alters 
enzymatic  activity,  two  lentiviruses  were  constructed  that  ex¬ 
pressed  either  the  wild-type  (Ienti-Sirt3-WT)  or  a  deacetylation 
null  mutant  (Ienti-Sirt3-DN)  Sirt3  gene  (a  gift  from  Toren  Finkel, 
NHLBI)  in  which  amino  acid  248  was  changed  from  histidine  to 
tyrosine  (Ahn  et  al.,  2008).  These  viruses  were  used  to  infect 
Sirt3“''“  MEFs.  Infection  with  Ienti-Sirt3-WT,  but  not  Ienti-Sirt3- 
DN,  decreased  MnSOD  acetylation  (Figure  3A,  lane  3  versus  4, 
upper  panel),  while  infection  of  these  lentiviruses  expressed 
similar  levels  of  exogenous  Sirt3  wild-type  and  mutant  protein 
(Figure  3B).  Lenti-Sirt3-WT,  but  not  Ienti-Sirt3-DN,  also 
increased  MnSOD  activity  (Figure  30)  and  decreased  mitochon¬ 
drial  superoxide  levels  (Figure  3D),  while  the  levels  of  IPed 
MnSOD  were  similar  in  the  control  and  infected  Sirt3“^“  MEFs 
(Figure  3A,  lower  panel).  These  results  support  the  hypothesis 
that  Sirt3  directly  deacetylates  MnSOD,  leading  to  increased  dis¬ 
mutase  activity. 

To  more  rigorously  determine  if  MnSOD  is  a  legitimate  Sirt3 
deacetylation  target,  an  in  vitro  SIRT3  deacetylation  assay  was 
performed.  IPed,  purified  MnSOD  was  mixed  without  or  with 
purified  SIRT3  with  1  mM  NAD+,  separated,  and  immunoblotted 


with  an  anti-acetyl,  anti-SIRT3,  or  anti-MnSOD  antibody.  These 
experiments  showed  that  Sirt3  decreased  MnSOD  acetylation 
(Figure  3E,  lane  1  versus  2),  and  removal  of  NAD+  (lane  3)  or 
the  addition  of  nicotinamide  (lane  4)  prevented  the  deacetylation 
of  MnSOD,  suggesting  that  SIRT3  directly  deacetylates  MnSOD 
in  vitro.  Finally,  these  experiments  were  repeated  using  a  specific 
anti-MnSOD  lysine  122  antibody,  showing  that  lysine  122  is  de- 
acetylated  in  vitro  by  SIRT3  (Figure  3F). 

SIRTS  Interacts  with  MnSOD 

Since  Sirt3  deacetylates  MnSOD,  it  seemed  reasonable  to 
propose  that  these  two  proteins  might  physically  interact.  As 
such,  HCT116  cells  were  used  that  have  been  genetically 
altered  to  overexpress  a  myc-tagged  wild-type  Sirt3  gene 
(HCTlie'^'"^'®"^^®''''^  cells).  These  cells  were  lysed  and  IPed 
with  either  an  anti-MnSOD  or  anti-myc  antibody.  The  samples 
were  divided  into  three  equal  fractions,  separated,  and  subse¬ 
quently  immunoblotted  with  an  anti-myc  (Figure  4A,  upper 
panel),  anti-SIRT3  (middle  panel),  or  anti-MnSOD  (lower  panel) 
antibody.  Reverse  IPs  were  also  done  with  anti-SIRT3  (upper 
panel)  or  anti-MnSOD  (lower  panel)  antibodies,  demonstrating 
that  endogenous  SIRT3  and  MnSOD  appear  to  form  a  protein 
interaction  (Figure  4B).  These  results  suggest  a  potential  phys¬ 
ical  interaction  between  Sirt3  and  MnSOD.  In  addition,  the 
HCT116  cells  were  grown  on  slides  that  were  subsequently 
stained  with  anti-MnSOD,  anti-SIRT3,  DAPI,  and  MitoTracker 
(Figure  40).  The  immunohistochemical  experiments  using  the 
anti-MnSOD  and  anti-SIRT3  staining  were  also  subsequently 
merged  (Figure  4D)  and  suggest  that  the  SIRT3  and  MnSOD 
proteins  colocalized  to  each  other  and  to  the  mitochondria. 
However,  these  results  also  show  areas  where  these  proteins 
do  not  colocalize,  as  might  be  expected,  since  most  enzyme/ 
substrate  interactions  are  highly  dynamic  and  may  be  very 
transient. 

MnSOD  Contains  an  Evolutionarily  Conserved  Lysine 
that  Directly  Regulates  Activity 

MnSOD  is  an  old,  evolutionarily  conserved  protein  present  in 
almost  all  species,  and  as  such,  if  a  specific  MnSOD  lysine 
is  an  acetylation  target  in  the  regulation  of  enzymatic  activity, 
then  it  seems  reasonable  that  this  lysine  would  be  conserved 
in  multiple  mammalian  and  nonmammalian  species.  A  BLAST 
search  demonstrated  a  conserved  13  amino  acid  motif 
(GELLEAIK*RDFGS)  at  amino  acid  122  that  is  conserved  in 
human,  murine,  bovine,  etc.  (Figure  5A)  as  well  as  at  position 
121  in  C.  elegans.  Interestingly,  the  MnSOD  protein  in  four 
primates  (Rhesus  macaque,  Callithrix  jacchus,  common 
gibbon,  and  chimpanzee)  contains  an  identical  13  amino 
acid  consensus  motif;  however,  it  is  located  24  amino  acids 
upstream  of  the  human  sequence,  and  the  conserved  lysine 
is  present  at  position  98.  The  consensus  motif  is  also  shifted 
in  multiple  nonmammalian  species,  including  Xenopus  tropicalis 
and  zebrafish,  to  a  slightly  different  protein  location  (lysine  124 
versus  122)  (Figure  5A).  Thus,  it  seems  reasonable  to  propose 
that  this  conserved  13  amino  acid  motif,  which  has  remained 
roughly  intact  in  multiple  species,  while  in  some  cases  being 
moved  to  slightly  different  locations  within  the  MnSOD  protein, 
suggests  that  this  lysine  may  be  of  potentially  significant 
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Figure  3.  Re-expression  of  Sirt3  in  Sirt3"^" 
MEFs  Deacetylates  MnSOD  and  Restores 
SOD  Activity 

(A)  Expression  of  wild-type  but  not  a  deacetylation 
null  mutant  of  SirtS  deacetylates  MnSOD.  Third- 
passage  Sirt3“^“  MEFs  were  transfected  with 
a  control  lentivirus,  virus  expressing  a  wild-type 
SirtS  (Ientl-Sirt3-WT),  or  deacetylation  null  gene 
(Ienti-Sirt3-DN).  Forty  hours  after  infection, 
Sirt3“^“  MEFs  were  harvested  and  mitochondrial 
extracts  were  IPed  with  an  anti-MnSOD  antibody, 
separated  into  two  equal  fractions,  and  immuno- 
blotted  with  either  an  anti-acetyl  or  an  anti-MnSOD 
antibody. 

(B)  The  mitochondrial  samples  above  were  also 
separated  and  immunoblotted  with  an  anti-myc 
antibody  (Santa  Cruz  Biotechnology,  Inc.). 

(C)  Expression  of  wild-type  but  not  a  deacetylation 
null  mutant  SirtS  gene  increases  mitochondrial 
MnSOD  activity.  Sirt3“‘^“MEFs  were  infected  with 
Ienti-Sirt3-WT  or  Ienti-Sirt3-DN  and  assayed  for 
MnSOD  activity  in  50  mM  potassium  phosphate 
buffer.  MnSOD  activity  was  determined  using  an 
indirect  competitive  inhibition  assay  as  described 
in  the  Experimental  Procedures  (Spitz  and  Ober- 
ley,  1989).  Results  in  this  figure  are  the  mean  of 
at  least  three  separate  experiments,  and  error 
bars  represent  one  standard  deviation.  *  indicates 
p  <  0.05  by  t  test. 

(D)  Expression  of  wild-type  but  not  a  deacetylation 
null  mutant  SirtS  gene  decreases  mitochondrial 
superoxide  levels.  Mitochondrial  superoxide 
levels  were  determined  after  infection  as 
described  above  by  the  addition  of  MitoSOX 
(1  |.iM)  to  the  cells,  followed  by  incubation  for  an 
additional  10  min  before  being  trypsinized  and  re¬ 
suspended.  Fluorescence  was  measured  via  flow 
cytometry. 

(E)  SIRT3  directly  deacetylates  MnSOD  in  vitro. 
IPed  purified  MnSOD  was  mixed  without  (lane  1) 

or  with  (lanes  2-4)  recombinant  human  SIRT3  with  NAD+  (lanes  2  and  4)  or  nicotinamide  (lane  4)  and  incubated.  Samples  were  separated,  followed  by  immu- 
noblotting  with  an  anti-acetyl  antibody.  Immunoblotting  for  SIRT3  and  MnSOD  were  done  as  internal  controls. 

(F)  IPed,  purified  MnSOD  was  mixed  in  vitro  with  recombinant  human  SIRT3  without  and  with  NAD+,  separated,  and  immunoblotted  with  an  anti-K122-MnSOD 
antibody  (Epitomics,  Inc.;  The  Rabbit  Monoclonal  Antibody  Company). 

biological  and  physiological  importance.  Finally,  an  examina¬ 
tion  of  the  published  three-dimensional  structure  of  the 
MnSOD  protein  (PDB  accession  number  1PL4),  which  is 
a  functional  tetramer  in  vivo,  shows  that  lysine  122  is  on  the 
outside  of  the  protein  complex  in  an  ideal  position  to  interact 
with  other  proteins,  such  as  SirtS  (Figure  S3A). 

It  has  previously  been  shown  that  substitution  of  a  lysine  with 
a  glutamine  mimics  an  acetylated  amino  acid  state,  while  substi¬ 
tution  with  an  arginine  mimics  deacetylation  (Li  et  al.,  2007; 

Schwer  et  al.,  2006).  Thus,  mutating  lysine  122  to  arginine  would 
be  predicted  to  mimic  a  deacetylated  lysine,  while  substitution 
with  a  glutamine  would  be  expected  to  mimic  an  acetylated 
lysine  (Figure  5B).  As  such,  lenti-MnSOD'^’’^^  (wild-type),  lenti- 
MnSOD'^''^^'^,  lenti-MnSOD^''^^'^,  and  a  control  virus  were 
used  to  infect  MEFs  that  have  MnSOD  genetically  deleted 
(MnSOD“^“  MEFs)  (a  kind  gift  from  Prahbat  Goswami,  University 
of  Iowa).  The  MnSOD“^“  MEFs  have  previously  been  shown  to 
have  significantly  increased  mitochondrial  superoxide  levels  as 
compared  to  wild-type  MEFs  (Du  et  al.,  2009). 


Infection  of  the  MnSOD“^“  MEFs  at  passage  20  with  the 
various  MnSOD  lentiviruses  resulted  in  similar  levels  of  cellular 
exogenous  protein  (Figure  S3B).  In  addition,  infection  with  the 
K122-R  mutant  (lenti-MnSOD^''^^"^)  resulted  in  increased 
MnSOD  activity  (Figure  50)  and  decreased  mitochondrial  super¬ 
oxide  levels  (Figure  5D),  while  the  K122-Q  mutant  displayed  the 
opposite  results,  when  compared  to  cells  infected  with  the  wild- 
type  MnSOD  lentivirus  (Figures  50  and  5D).  To  make  a  stronger 
mechanistic  connection  between  Slrt3  and  MnSOD  lysine  122, 
MnSOD“'^“  MEFs  were  infected  with  the  wild-type  or  mutant 
MnSOD  viruses  and  Ienti-Sirt3-VVT  or  Ienti-Sirt3-DN.  These 
experiments  showed  that  infection  of  wild-type  SirtS,  but  not 
the  deacetylation  null  gene,  increased  MnSOD  activity  in  the 
MnSOD“''“  MEFs  expressing  wild-type  MnSOD  (Figure  5E,  bar 
1  versus  2).  In  contrast,  infection  with  Ienti-Sirt3-WT  or 
Ienti-Sirt3-DN  did  not  alter  the  activity  of  MnSOD  in  MnSOD“^“ 
MEFs  coinfected  with  either  lenti-MnSOD*^^^^'^  or  lenti- 
MnSOD'^^^^'^.  Finally,  infection  of  the  MnSOD“^“  MEFs  with 
the  wild-type-  and  mutant-MnSOD-expressing  lentiviruses  did 
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Figure  4.  SirtS  Appears  to  Interact  with  MnSOD  in  the  Mitochondria 

(A-D)  HCT11 cells  that  are  genetically  altered  to  overexpress  a  myc- 
tagged  wild-type  S/rt3  gene  (A)  and  HCT1 16  cells  (B)  were  harvested  and  IPed 
with  an  anti-SIRT3  or  an  anti-MnSOD  antibody  and  separated  into  equal  frac¬ 
tions.  The  samples  were  resolved  and  immunoblotted  with  either  an  anti- 
SIRT3  or  anti-MnSOD  antibody.  HCT116  cells  were  stained  with  an  anti- 
SIRT3  and  anti-MnSOD  antibody  as  well  as  with  DAPI  and  MitoTracker  (C) 
or  with  an  anti-SIRT3  and  anti-MnSOD  antibody  and  DAPI  (D),  and  the  images 
were  merged.  Representative  gels  or  micrographs  for  this  figure  are  shown. 
Results  for  the  panels  in  this  figure  are  the  mean  of  at  least  three  separate 
experiments. 


not  alter  cellular  H2O2  levels  (Figure  S3C).  These  results  suggest 
that  acetylation  of  MnSOD  lysine  122  directly  regulates  MnSOD 
enzymatic  dismutase  activity. 

It  has  previously  been  shown  that  exposure  to  ionizing  radia¬ 
tion  (IR)  decreases  contact  inhibition,  as  measured  by  increased 
foci  formation,  in  MnSOD  knockout  MEFs  (Du  et  al.,  2009).  Infec¬ 
tion  of  the  MnSOD'^^^^'^  mutant  lentivirus  into  the  MnSOD“^“ 
MEFs  (Figure  S3B)  demonstrated  a  significant  decrease  in 
IR-induced  foci  formation,  while  the  foci  number  in  the  MEFs  in¬ 
fected  with  the  MnSOD'^^^^'°  mutant  was  identical  to  the  control 
virus  (Figure  5F).  Consistent  with  the  idea  that  MnSOD  activity  is 
regulated,  at  least  in  part,  by  acetylation  of  lysine  1 22,  infection  of 
the  MnSOD“^“  MEFs  with  lenti-MnSOD'^^^^"'’  also  decreased 
IR-induced  mitochondrial  superoxide  levels  (as  determined  by 
MitoSOX  oxidation)  (Figure  S3D,  lane  5  versus  lane  2).  In 
contrast,  infection  with  lenti-MnSOD'^^^^"®  resulted  in  MitoSOX 
oxidation  similar  to  the  control  cells  (lane  4  versus  lane  2).  These 
experiments  were  repeated  after  coinfection  of  the  MnSOD“^“ 
MEFs  with  either  Ienti-Sirt3-WT  or  Ienti-Sirt3-DN.  Overexpres¬ 
sion  of  SirtS  decreased  the  number  of  foci  in  MnSOD^''^  MEFs 
coinfected  with  lenti-MnSOD'^^^^  (Figure  5G,  bar  2  versus  3)  to 
the  about  same  number  of  foci  observed  in  MEFs  infected  with 
Ienti-Sirt3-WT  or  Ienti-Sirt3-DN  and  lenti-MnSOD'^^^^"'’  (bar  3 
versus  4  and  5).  In  contrast,  infection  of  Ienti-Sirt3-WT  or  lenti- 
Sirt3-DN  did  not  change  the  number  of  foci  in  MEFs  infected 
with  lenti-MnSOD'^^^^-'^  or  lenti-MnSOD'^^^^'®. 


Antimycin  A,  a  mitochondrial  electron  transport  chain 
(Complex  III)  inhibitor,  represents  a  metabolic  stress  that  is 
shown  to  increase  superoxide  levels  (Aykin-Burns  et  al.,  2009). 
Exposure  of  MnSOD“^“  MEFs  to  Antimycin  A  significantly 
increased  superoxide  leveis  (Figure  5FI,  lane  1),  as  has  been 
previously  shown  (Kim  et  al.,  2010).  Infection  of  the  MnSOD“^“ 
MEFs  with  lenti-MnSOD'^^^^"'’  (lane  4)  and,  to  a  lesser  extent, 
lenti-MnSOD*^^^^  (lane  2)  prior  to  exposure  to  Antimycin  A  pre¬ 
vented  the  increase  in  mitochondrial  superoxide  levels.  In 
contrast,  infection  with  lenti-MnSOD'^^^^'®  had  no  effect  on  Anti¬ 
mycin  A-induced  mitochondrial  superoxide  levels  (lane  3)  as 
compared  to  the  control  virus-infected  cells  (lane  1).  These 
results  suggest  that  acetylation  of  MnSOD  regulates  MnSOD 
activity  following  stress,  and  this  in  turn  could  significantly 
impact  oxidative  stress-induced  superoxide  levels  and  foci 
formation,  a  surrogate  marker  of  in  vitro  transformation 
frequency. 

Reverses  IR-Induced  Increases  in 
Superoxide  and  Genomic  Instability  in  Sirt3~^~  MEFs 

The  tumor-permissive  environment  seen  in  Sirt3“^“  animals 
correlates  with  the  observation  that  Sirt3“'“  MEFs  can  be 
immortalized  by  overexpression  of  a  single  oncogene  {Ras  or 
Myc).  In  addition,  exposure  of  Sirt3“^“  MEFs  to  IR  increases 
mitochondrial  superoxide  levels  and  genomic  instability  (Kim 
et  al.,  2010).  When  Sirt3“^“  MEFs  were  infected  with  lenti- 
MnSOD'^^^^'^^,  but  not  with  Ienti-Sirt3'^^^^"°,  immortalization 
induced  by  lentivirus-mediated  overexpression  of  Ras  or  Myc 
was  inhibited  (Table  SI).  Consistent  with  this  effect  being  medi¬ 
ated  by  the  activity  of  MnSOD,  infection  with  lenti-MnSOD'^^^^"'’, 
but  not  lenti-MnSOD^^^^"°,  prevented  IR-induced  increases  in 
steady-state  levels  of  mitochondrial  superoxide,  as  determined 
by  MitoSOX  oxidation  (Figure  6A),  as  well  as  genomic  instability, 
as  indicated  by  IR-induced  changes  in  ploidy  (Figure  6B). 
Western  immunoblotting  confirmed  similar  levels  of  expressed 
exogenous  wild-type  and  mutant  MnSOD  protein  in  the  infected 
Sirt3“^“  MEFs  (Figure  S4A).  No  change  in  cellular  FI2O2  levels 
was  observed  in  the  Sirt3“^“  MEFs  infected  with  these 
MnSOD-expressing  lentiviruses  (Figure  S4B). 

We  have  previously  shown  that  Sirt3“^“  MEFs  immortalized 
and  transformed  by  infection  with  Ras  (referred  to  as  Sirt3“^“ 
Ras  cells)  exhibit  increased  growth  in  soft  agar,  foci  formation, 
and  mitochondrial  superoxide  levels  (Kim  et  al.,  2010). 
Oonsistent  with  the  results  above,  infection  with  lenti- 
MnSOD'^^^^'^^  and,  to  a  lesser  extent,  lenti-MnSOD*^^^^,  but  not 
lentiMnSOD'^^^^‘°,  resulted  in  decreased  growth  in  soft  agar 
(Figure  60),  decreased  foci  formation  (Figure  6D),  and  decreased 
mitochondrial  superoxide  levels  (Figure  S40)  in  the  transformed 
Sirt3“^“  Ras  cells.  Western  immunoblotting  confirmed  similar 
levels  of  expressed  exogenous  wild-type  and  mutant  MnSOD 
protein  in  the  infected  Sirt3“^“  Ras  cells  (Figure  S4D). 

In  Vivo  Liver  MnSOD  Activity,  MnSOD  Acetylation, 
and  Radiosensitivity  in  the  Sirt3~^~  Mice 

The  results  above  suggest  that  acetylation  of  MnSOD  may  alter 
in  vivo  responses  to  radiation  exposure.  In  order  to  test  this 
hypothesis,  SirtS"^^"^  and  Sirt3“^“  mice  were  exposed  to  2  Gy  of 
whole-body  IR  on  2  consecutive  days,  and  liver  mitochondria 
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Figure  5.  MnSOD  Contains  an  Evolutionarily  Conserved  Lysine  Residue  that  Regulates  SOD  Activity 

(A)  Multiple  species  contain  a  potentially  reversibly  acetylated  lysine  residue.  The  MnSOD  protein  sequence  from  multiple  species  was  BLASTed  based  on  the 
reversibly  acetylated  lysine  located  at  amino  acid  122  in  mice.  A  13  amino  acid  motif  (GELLEA1K*RDFGS)  was  identified  that  is  present  in  multiple  species. 

(B)  Substitution  of  a  lysine  with  a  glutamine  (Q)  mimics  an  acetylated  amino  acid  state,  while  substitution  with  an  arginine  (R)  mimics  a  deacetylated  amino  acid 
state  (Li  et  al.,  2007;  Schwer  et  al.,  2006). 

(C)  MnSOD  lysine  acetylation  status  directs  dismutase  activity.  MnSOD“^“  MEFs  were  infected  with  a  control  lentivirus  or  lenti-MnSOD'^,  lenti-MnSOD*^^^^'*^,  or 
lenti-MnSOD*^^^^'^.  Twenty-four  hours  after  infection,  MnSOD  activity  was  determined  as  outlined  above  (Figure  3  legend). 

(D)  Mitochondrial  superoxide  levels  are  decreased  in  cells  overexpressing  mutant  gene.  MnSOD“^“  MEFs  were  infected  with  the  various  MnSOD 

lentiviruses,  and  superoxide  levels  were  determined  as  described  above. 

(E)  MnSOD“^“  MEFs  were  infected  with  the  wild-type  and  mutant  MnSOD  lentiviruses  with  either  Ienti-Sirt3-WT  or  Ienti-Sirt3-DN  and  assayed  for  MnSOD  activity. 

(F)  The  MnSOD*^^^^'^  mutant  decreases  IR-induced  contact  inhibition  in  the  MnSOD  knockout  MEFs.  MnSOD“^“  MEFs  were  infected  with  the  MnSOD  lentivi¬ 
ruses,  plated  at  1  X  10®/100  mm  dish,  and  exposed  to  5  Gy  IR,  followed  by  long-term  culture  (28  days),  staining  with  crystal  violet,  and  measurement  of  foci 
formation. 

(G)  MnSOD“^“  MEFs  were  infected  with  the  wild-type  and  mutant  MnSOD  lentiviruses  with  either  Ienti-Sirt3-WT  or  Ienti-Sirt3-DN  and  measured  for  foci  formation 
as  above. 

(H)  Mitochondrial  superoxide  levels  in  MnSOD“^“  MEFs  exposed  to  Antimcyin  A  are  decreased  by  infection  with  lenti-MnSOD^^^^'^;  Sirt3“^“  MEFs  were  treated 
with  5  |.iM  of  Antimycin  Afor3  hr,  and  mitochondrial  superoxide  levels  were  determined  as  described  above.  Results  for  all  the  panels  in  this  figure  are  the  mean  of 
at  least  three  separate  experiments,  and  error  bars  represent  one  standard  deviation.  *  indicates  p  <  0.05  and  **  indicates  p  <  0.01  by  t  test. 
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Figure  6.  The  MnSOD’^'’^'”  Mutant 
Reverses  the  Increase  in  IR-Induced  Super¬ 
oxide  Levels  and  Genomic  Instability  in  the 
Primary  or  Ras-Transformed  SirtS"'"  MEFs 

(A)  Wild-type  and  SirtS"'"  MEFs  were  exposed  to 
5  Gy  iR,  and  mitochondriai  superoxide  ieveis 
were  determined  by  the  addition  of  MitoSOX 
(1  pM)  to  the  ceils. 

(B)  The  MnSOD'^^^^ mutant  prevents  aneuploidy 
in  Sirt3  knockout  MEFs  exposed  to  IR.  SirtS"'" 
MEFs  were  infected  with  a  control  lentivirus  or 
lenti-MnSOD'^,  lenti-MnSOD'^^^^"°,  or  lenti- 
MnSOD'^^^^^'’  and  exposed  to  5  Gy  IR.  Whole- 
mount  chromosomes  were  counted  in  a  blinded 
fashion.  Bars  show  the  mean  chromosome 
number  per  cell  from  100  separate  counts. 

(C  and  D)  The  MnSOD'^^^^*'’  mutant  reverses  the 
transformed  phenotype  in  SirtS"'"  MEFs  infected 
with  Ras.  The  transformed  SirtS"'"  Ras  cells  were 
infected  with  the  MnSOD  lentiviruses  outlined 
above,  and  growth  in  soft  agar  (C)  and  spontaneous 
foci  formation  (D)  were  determined  as  described 
above.  For  growth  in  soft  agar,  SirtS"'"  Myc/Ras 
cells  were  seeded,  and  colonies  were  stained 
with  methylene  blue  after  12  days  and  counted. 
Results  for  all  panels  in  this  figure  are  the  mean  of 
at  least  three  separate  experiments,  and  error 
bars  represent  one  standard  deviation.  *  indicates 
p  <  0.05  and  **  indicates  p  <  0.01  by  t  test. 


were  harvested  24  hr  following  the  second  exposure  to  radiation. 
These  experiments  showed  a  significant  IR-induced  increase  in 
iiver  MnSOD  activity  (Figure  7A)  as  weii  as  a  decrease  in  iysine 
122  MnSOD  acetyiation  (Figures  7B  and  S5A)  in  iiver  mitochon¬ 
dria  of  SirtS"^'*  animais.  in  contrast,  no  change  in  MnSOD  activity 
or  iysine  acetyiation  was  observed  in  the  liver  mitochondria  iso- 
iated  from  IR-exposed  SirtS"'"  mice  (Figures  7 A  and  7B).  Totai 
mitochondriai  MnSOD  immunoreactive  protein  ieveis  in  the  irra¬ 
diated  and  controi  groups  were  identicai  (Figure  S5B).  These 
resuits  support  the  hypothesis  that  SirtS"'"  iiver  mitochondria 
iack  the  capacity  to  induce  MnSOD  activity  in  response  to  iR 
because  of  an  inability  to  deacetyiate  MnSOD. 

If  SirtS  knockout  mice  are  unabie  to  induce  MnSOD  activity  in 
response  to  iR,  then  it  seems  reasonabie  to  hypothesize  that  this 
ioss  of  the  abiiity  to  induce  a  potentiaiiy  protective  response 
couid  resuit  in  enhanced  IR-induced  iiver  damage.  As  such, 
iivers  from  SirtS"^'"^  and  SirtS"'"  mice  exposed  to  2  Gy  of  radiation 
on  2  consecutive  days  were  harvested  at  24  hr.  Histoiogicai 
examination  of  the  irradiated  SirtS  knockout  mice  exposed  to 
iR  demonstrated  marked  periportai  to  midzonai  hepatoceiiuiar 
sweiiing,  with  diiation  of  the  cytopiasm  by  ciear  space,  as  weii 
as  pooriy  defined  vacuoles  (Figure  70).  Flepatocellular  swelling 
in  the  irradiated  SirtS"'"  mice  livers  was  significantly  more 
severe  as  compared  to  the  irradiated  SirtS'^'"^  or  the  control 
SirtS’^'"^  and  SirtS"'"  mice  (Figure  7D).  Liver  sections  processed 
with  osmium  tetroxide  (stains  lipid  in  fixed  tissue)  demonstrated 
minimal  to  no  lipid  vacuoles  in  the  swollen  hepatocytes  of 
SirtS"'"  mice  (Figure  S50,  top  panels).  In  addition,  liver  sections 
from  irradiated  SirtS"'"  mice  stained  with  periodic  acid-Schiff 
(PAS)  (stains  glycogen)  demonstrated  mild  to  moderate  cyto¬ 


plasmic  glycogen  with  poorly  defined  clear  spaces  (Figure  S5C, 
bottom  panels).  This  histology  displays  some  characteristics 
similar,  at  least  in  part,  to  those  observed  in  microvesicular  stea¬ 
tosis  that  is  associated  with  mitochondrial  dysfunction  (Araya 
et  al.,  2006).  Interestingly,  the  risk  factors  for  steatosis  include 
diabetes  mellitus,  protein  malnutrition,  and  obesity  (Araya 
et  al.,  2006),  all  of  which  have  been  associated  with  abnormali¬ 
ties  of  sirtuin  function  (Finkel  et  al.,  2009). 

When  the  livers  from  these  mice  were  stained  with  markers  for 
apoptosis,  the  SirtS  knockout  mice  exposed  to  irradiation 
demonstrated  significantly  more  apoptosis  then  the  irradiated 
wild-type  mice,  as  well  as  the  control  SirtS'^''^  and  SirtS"'" 
mice,  as  measured  by  TUNEL  assay  (Figure  7E)  or  staining 
with  antibodies  to  cleaved  caspase-3  (Figure  S5D).  This  result 
is  consistent  with  the  increased  cellular  damage  and  the 
membrane-bound  vacuoles  observed  in  the  Fi&E  staining  (Tol- 
man  and  Dalpiaz,  2007). 

Control  and  irradiated  SirtS’^'"^  and  SirtS"'"  livers  were  also 
stained  with  an  anti-nitrotyrosine  antibody  as  a  marker  for 
increased  protein  damage  caused  by  intracellular  reactive 
oxygen/nitrogen  species,  specifically  ONOO",  a  reaction 
product  of  nitric  oxide  and  superoxide  (Kim  et  al.,  2010).  SirtS 
knockout  mouse  liver  cells  exhibited  increased  anti-nitrotyrosine 
staining  (Figure  7F),  as  compared  the  SirtS'^'"^  samples  (quanti¬ 
fied  in  Figure  S5E,  p  <  0.05),  and  there  was  a  very  significant 
difference  between  the  SirtS'^'"^  and  SirtS"'"  irradiated  liver 
samples  (bar  2  versus  4,  p  <  0.01).  These  results  suggest  an 
oxidative  stress-permissive  phenotype  in  liver  cells  lacking 
SirtS  that  becomes  more  evident  upon  IR-induced  oxidative 
stress. 
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Figure  7.  MnSOD  Dismutase  Activity, 
Lysine  122  Acetylation,  and  the  Cellular 
Metabolic  and  Damage/Cytotoxic 
Response  Are  Altered  by  IR 

(A)  and  Sirt3“^“  mice  at  12  weeks  were 
exposed  to  ionizing  radiation  (2  Gy  on  2  consecu¬ 
tive  days)  or  sham  treated  every  24  hr.  Livers  were 
harvested  24  hr  postexposure  and  mitochondria 
were  isolated.  MnSOD  activity  in  MEFs  was 
measured  via  a  competitive  inhibition  assay  as 
described  (Spitz  and  Oberley,  1989).  Activity 
data  for  MnSOD  are  presented  as  units  of  SOD 
activity  per  milligram  of  protein. 

(B)  Mitochondrial  extracts  from  above  were 
analyzed  for  acetylation  of  MnSOD  lysine  122  via 
mass  spectrometry.  Results  are  presented  as 
fold  change  from  the  untreated,  wild-type  mouse 
livers. 

(C)  Sirt3“^“  mouse  livers  exposed  to  IR  exhibit 
marked  cytoplasmic  vacuolation  of  periportal  to 
midzonal  hepatocytes.  The  wild-type  and  Sirt3“^“ 
livers  without  and  with  exposure  to  IR  were  H&E 
stained  and  scored  for  degree  of  hepatocellular 
cytoplasmic  vacuolation— low,  medium,  and 
high  — by  a  pathologist.  Representative  micro¬ 
graphs  are  shown.  Scale  bar  =  80  |.im. 

(D)  Quantification  of  the  H&E  for  liver  cells.  Liver 
cells  were  scored  as  follows:  low,  no  detectable 
cytoplasmic  vacuolation;  med,  moderate  dilation 
of  the  cytoplasm  by  clear  space  primarily  affecting 
periportal  hepatocytes;  high,  severe  dilation  of  the 
cytoplasm  by  clear  space  and  poorly  defined  clear 
vacuoles  primarily  affecting  periportal  to  midzonal 
hepatocytes. 

(E)  Apoptosis  was  determined  in  the  Sirt3'^^'^  and 
Sirt3“‘'“  livers  exposed  to  IR.  Apoptotic  cells 
were  identified  in  liver  sections  by  TUNEL  assay. 
Sections  were  scored  by  a  pathologist  blinded  to 
the  groupings.  TUNEL-positive  cells  were  counted 
in  ten  randomly  selected  200  x  fields  per  liver 
section.  Results  in  this  figure  are  reported  as  the 
average  number  of  positive  cells  per  field.  Data 
are  presented  as  the  average  ±  SD.  *  indicates 
p  <  0.05  and  **  indicates  p  <  0.01. 

(F)  Irradiated  Sirt3“^“  mouse  liver  cells  exhibit 
increased  anti-nitrotyrosine  IHC  staining.  Liver 

tissues  from  wild-type  and  Sirt3“^“  mice  were  stained  with  an  anti-nitrotyrosine  antibody  (StressMarq  Biosciences  Inc.;  Victoria,  British  Columbia,  Canada).  A 
representative  micrograph  is  shown.  Scale  bar  =  80  |.im.  See  Figure  S5E  for  quantification. 
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DISCUSSION 

We  have  previously  demonstrated  that  SirtS  is  an  in  vitro  and 
in  vivo  TS  protein  and  that  the  knockout  mice  spontaneously 
develop  well-differentiated,  ER/PR-positive  mammary  tumors 
(Kim  et  al.,  201 0).  In  addition,  SIRTS  protein  levels  are  decreased 
in  human  breast  cancers  as  well  as  in  several  other  human  malig¬ 
nancies.  These  results  identified  SirtS  as  a  genomically  ex¬ 
pressed,  mitochondrially  localized  TS,  and  cells  lacking  S/rfS 
may  be  a  useful  in  vivo  model  to  investigate  the  subtype  of  breast 
cancer  observed  in  postmenopausal  or  older  women. 

One  intriguing  finding  from  our  previous  work  was  that  cells 
lacking  Sirt3  exhibited  altered  mitochondrial  metabolism,  as  ex¬ 
hibited  by  increased  mitochondrial  superoxide  levels  during 


stress.  These  results  suggested  a  connection  between  the 
increase  in  superoxide  and  the  Sirt3  knockout  mouse  tumor- 
permissive  phenotype.  However,  one  outstanding  question 
from  this  previous  work  involved  the  observation  that  MnSOD 
transcription,  via  FOX03a  acetylation,  was  not  decreased  until 
1  year— roughly  the  same  time  that  the  mammary  tumors  were 
first  observed  in  the  Sirt3  knockout  mice.  Thus,  while  the 
connection  between  the  MnSOD  and  increased  mitochondrial 
superoxide  seemed  strong,  the  mechanism  appeared  to  be 
more  complex  than  a  decrease  in  FOXOSa-driven  MnSOD  tran¬ 
scription  (Kim  et  al.,  2010).  Thus,  additional  wild-type  and  Sirt3 
knockout  mouse  colonies  were  established  and  followed  to 
more  rigorously  investigate  the  connection  between  superoxide 
levels  and  MnSOD  as  an  early  carcinogenic  event  in  the  Sirt3 
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knockout  mouse  tumor-permissive  phenotype.  These  results 
suggested  a  second  potential  mechanism  for  Sirt3  regulation 
of  MnSOD  activity  that  is  independent  of  MnSOD  expression 
and  potentially  related  to  posttranslational  modification  involving 
acetylation. 

The  connection  between  mitochondrial  damage  and  carcino¬ 
genesis  is  well  established;  however,  the  mechanism  appears  to 
be  complex  (Singh,  2006;  Wallace,  2005).  In  addition,  it  has  been 
suggested  that  the  mitochondria  play  a  role  in  radiation-induced 
malignancies,  but  the  specific  molecular  steps  are  not 
completely  understood  (Du  et  al.,  2009).  One  proposed  mecha¬ 
nism  involves  the  accumulation  of  mitochondrial  ROS;  these 
reactive  molecules  can  damage  numerous  cellular  processes, 
creating  an  environment  permissive  for  genomic  instability  as 
well  as  carcinogenesis  (Oberley,  2005).  Since  Sirt3  is  the  primary 
mitochondrial  deacetylase,  we  hypothesized  that  the  increase  in 
mitochondrial  superoxide  levels  in  Sirt3  knockout  mice  and 
MEFs  exposed  to  stress  may  be  due  to  aberrant  acetylation 
and  regulation  of  MnSOD  enzymatic  activity. 

Our  results  identify  MnSOD  amino  acid  122  as  a  reversibly 
acetylated  lysine  residue  that  is  deacetylated  by  36  hr  of  fasting, 
and  MnSOD  acetylation  is  significantly  increased  and  enzymatic 
activity  decreased  in  Sirt3“'“  cells.  In  addition,  MnSOD  is  deace¬ 
tylated  by  Sirt3,  suggesting  that  mitochondrial  acetylation  plays 
a  role,  at  least  in  part,  in  regulation  of  MnSOD  function.  This  idea 
was  validated  by  a  pair  of  MnSOD  mutants  that  demonstrated 
increased  activity  when  lysine  122  was  changed  to  arginine  (to 
mimic  the  deacetylated  state).  MnSOD'^^^^"'^  also  prevented 
IR-induced  foci  formation  in  MnSOD“^“  cells  and  immortaliza¬ 
tion  of  Sirt3“^“  MEFs  by  a  single  oncogene,  as  well  as  IR- 
induced  genomic  instability  and  loss  of  contact  inhibition. 

Finally,  we  show  in  vivo  that  IR  induces  deacetylation  of 
MnSOD  and  increased  enzymatic  activity  in  irradiated  wild- 
type  mouse  liver  mitochondria,  but  not  in  liver  mitochondria  of 
the  Sirt3  knockout  mice.  While  it  is  tempting  to  suggest  this  IR- 
induced  damage-permissive  phenotype  is  primarily  due  to 
changes  in  MnSOD  activity,  it  seems  likely  that  other  Sirt3  de¬ 
acetylation  targets  may  also  play  a  role  in  this  histological  and 
biochemical  phenotype.  This  idea  would  fit  the  well-established 
data  that  IR-induced  damage  and  cytotoxicity  is  a  multifactorial 
process  involving  several  cellular  proreparative  pathways, 
including  redox  scavenging,  DNA  repair,  and  stress-responding 
proteins.  Taken  together,  the  in  vivo  and  in  vitro  results  suggest 
MnSOD  enzymatic  activity  is  regulated  by  acetylation  during 
stress  and  that  Sirt3  regulates  acetylation  under  specific  condi¬ 
tions  associated  with  neoplastic  transformation,  including 
IR-induced  cellular  damage. 

A  fundamental  paradigm  in  biology  is  the  presence  of  intracel¬ 
lular  redox-sensing  proteins  that  recognize  specific  cellular 
conditions  and  initiate  posttranslational  signaling  cascades 
(Slane  et  al.,  2006),  and  these  pathways  activate  the  cellular 
machinery  that  maintains  cellular  homeostasis.  The  most 
common  example  of  this  is  the  cytoplasmic  activation  of  kinases 
that  phosphorylate  a  series  of  downstream  targets  in  response 
to  different  environmental  conditions,  thereby  minimizing  any 
potentially  permanent  cellular  detrimental  effects  (Slane  et  al., 
2006).  In  this  regard,  lysine  acetylation  has  recently  emerged 
as  an  important  and  perhaps  primary  posttranslational  modifica¬ 


tion  employed  to  regulate  mitochondrial  proteins  (Lombard  et  al., 
2007). 

The  results  presented  above  support  this  hypothesis  and, 
together  with  recent  findings  (Kim  et  al.,  2010),  suggest  that 
mitochondrial  sirtuins,  including  Sirt3,  may  function  as  fidelity 
proteins  whose  loss  of  function  may  result  in  a  damage-permis¬ 
sive  phenotype  that  leads  to  neoplastic  transformation.  The 
results  presented  above  also  suggest  that  the  superoxide  scav¬ 
enging  enzymatic  function  of  MnSOD  is  regulated  by  changes  in 
specific  lysine  acetylation.  The  connection  between  MnSOD  and 
carcinogenesis,  as  well  as  tumor  cell  resistance  to  anticancer 
agents,  is  significant;  however,  the  mechanism  of  action  appears 
to  be  complex  (Oberley,  2005;  Aykin-Burns  et  al.,  2009).  The 
current  work  represents  a  paradigm  shift  in  our  understanding 
of  the  posttranslational  regulation  of  MnSOD  enzymatic  function 
and  the  mechanism  of  its  role  in  responses  to  stress.  Finally, 
since  Sirt3  is  proposed  to  sense  nutrient  deprivation  and  oxida¬ 
tive  stress,  it  also  seems  logical  that  exposure  to  IR,  which  has 
previously  been  shown  to  induce  both  oxidative  stress  and  mito¬ 
chondrial  damage  (Slane  et  al.,  2006),  would  activate  Sirt3  as 
a  signaling  pathway  to  protect  against  persistent  IR-induced 
metabolic  stress  and  normal  tissue  damage. 

EXPERIMENTAL  PROCEDURES 
Cell  Lines 

MEFs  were  isolated  from  E14.5  isogenic  SirtS*'*  and  SirtS*'*  mice  and  main¬ 
tained  in  a  37°C  incubator  with  5%  CO2  and  6%  oxygen.  MEFs  and  HCT- 
116  were  cultured  in  McCoy's  5A  media,  containing  10%  heat-inactivated 
(56°C,  30  min)  FBS.  SirtO"''^'''  or  Sirt3“^“  MEFs  (Kim  et  al.,  2010)  were  infected 
at  P3  with  lentivirus  expressing  either  Myc,  Ras,  or  MnSOD  made  by  Applied 
Biological  Materials,  Inc.  (Richmond,  British  Columbia,  Canada),  and  pooled, 
selected  cells  were  used  for  all  experiments.  For  lentiviral  infections,  MEFs 
were  infected  with  5  mol  of  virus. 

IP  and  Immunoblot  Analysis 

IP  with  anti-MnSOD  and  anti-Sirt3  antibodies  and  the  subsequent  western 
analyses  were  done  as  previously  described  (Kim  et  al.,  2010).  The  control 
for  these  IP  experiments  is  normalized  to  rabbit  IgG.  In  addition,  the  IPed 
MnSOD  samples  were  divided  into  equal  fractions,  separated,  and  blotted 
with  anti-acetyl  or  anti-MnSOD  antibodies.  Blots  were  incubated  with  horse¬ 
radish  peroxidase  secondary  antibody,  using  ECL  (Amersham  Biosciences; 
Piscataway,  NJ),  and  visualized  in  a  Fuji  Las-3000  darkbox  (FujiFilm  Systems; 
Stamford,  CT). 

Statistical  Analysis 

Data  were  analyzed  by  Student's  t  test,  and  results  were  considered  significant 
at  p  <  0.05.  Results  are  presented  as  mean  ±  SD. 

MnSOD  Activity 

MnSOD  activity  was  analyzed  in  cell  homogenates  prepared  on  ice  in  50  mM 
potassium  phosphate  buffer  (Spitz  and  Oberley,  1 989).  This  assay  is  based  on 
the  competition  between  MnSOD  and  an  indicator  molecule  for  superoxide 
production  from  xanthine  and  xanthine  oxidase,  in  the  presence  of  5  mM 
NaCN  to  inhibit  CuZnSOD  activity  (Spitz  and  Oberley,  1989).  See  Supple¬ 
mental  Experimental  Procedures. 

Measurement  of  Mitochondrial  Superoxide  Leveis 

Superoxide  production  was  determined  as  described  (Kim  et  al.,  2010)  by 
measuring  MitoSOX  (1  pM)  oxidation  in  cells  that  were  cultured  as  described 
above  and  incubated  for  an  additional  1 0  min  before  being  trypsinized,  resus¬ 
pended,  and  measured  by  flow  cytometry  (see  Supplemental  Information). 
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Liver  samples  were  used  to  determine  in  vivo  superoxide  levels  as  previously 
described  {Kim  et  al.,  2010). 

Cell  Foci,  Colony  Formation,  and  Soft  Agar  Assays 

For  foci  formation  assays,  cells  were  plated  onto  a  1 0  cm  plate  and  grown  to 
confluence,  with  medium  replaced  every  3  days  for  28  days.  All  results  for 
these  experiments  are  the  mean  of  at  least  three  separate  experiments.  For 
the  soft  agar  colony  formation  assay,  4000  cells  were  plated  in  2  ml  of  0.4% 
agar  in  growth  medium  over  a  3  ml  base  layer  of  agar,  also  in  growth  medium. 
Each  culture  was  topped  with  1-2  ml  of  medium  every  3-5  days.  After  12  days, 
colonies  were  stained  with  methylene  blue.  The  colonies  (>0.5  mm  size)  were 
counted  after  2  weeks  under  a  light  microscope. 

Chromosome  Analysis 

MEFs  were  exposed  at  passage  four  to  irradiation  and  harvested  after  72  hr. 
Whole-mount  chromosomes  were  counted  in  a  blinded  fashion.  Individual 
spreads  were  deemed  countable  if  all  chromosomes  were  clearly  defined 
and  clearly  visible  within  a  single  cytoplasm,  as  previously  described  (Kim 
et  al.,  2010). 

Catalase  Enzymatic  Activity 

Catalase  activity  was  determined  as  described  (Slane  et  al.,  2006).  Cell 
extracts  containing  100  |ig  protein  were  combined  with  30  mM  H2O2  (Fisher 
Scientific;  Suwanee,  GA)  in  1  ml  of  50  mM  potassium  phosphate  buffer  (pH 
7.0).  H2O2  disappearance  was  measured  at  240  nm  for  120  s  and  recorded 
over  15  s  intervals.  Catalase  enzymatic  activity  was  expressed  in  k  units  per 
microgram  protein  per  second  (k  units/i.Lg/s):  k  =  1/60  x  In  (A0/A60),  where 
AO  is  the  initial  absorbance  and  A60  is  the  absorbance  at  60  s. 

Liver  Histopathology  Examination,  TUNEL  Assay,  and  Cleaved 
Caspase-3  IHC 

Liver  sections  were  fixed  in  1 0%  neutral  buffered  formalin.  Fixed  tissues  were 
then  processed,  paraffin  embedded,  and  sectioned  at  4  ^lm.  Sections  were 
stained  with  H&E  or  PAS  reagent  (for  glycogen  evaluation).  H&E  slides 
were  scored  in  a  blinded  fashion  for  severity  of  hepatocellular  vacuolation. 
The  vacuolar  change,  when  present,  was  focused  in  periportal  to  midzonal 
hepatocytes;  therefore,  scoring  was  based  on  an  average  of  three  periportal 
areas  per  liver  section.  For  each  periportal  area,  100  hepatocytes  were 
counted  and  given  a  vacuolar  severity  score  of  low,  medium,  or  high.  Low 
vacuolar  change  was  characterized  by  mild,  poorly  defined  cytoplasmic  vacu¬ 
olation  consistent  with  glycogen  accumulation.  Hepatocytes  with  medium  or 
high  vacuolation  were  moderately  to  markedly  enlarged  due  to  dilation  of 
the  cytoplasm  by  clear  space  and  few  poorly  defined  clear  vacuoles.  Osmium 
tetroxide  staining  for  lipid  (to  identify  hepatocellular  lipid  vacuoles)  was  per¬ 
formed  on  formalin-fixed  tissues.  Formalin-fixed  tissues  (3  mm)  were  placed 
in  potassium  dichromate/osmium  tetroxide  {5%/2%)  for  7  hr,  followed  by 
a  2  hr  tap  water  rinse.  Tissue  sections  were  then  routinely  processed,  paraffin 
embedded,  and  sectioned. 

TUNEL  assay  was  performed  using  the  ApopTag  Peroxidase  ISOL 
Apoptosis  Detection  Kit  (Millipore;  Billerica,  MA)  according  to  the  manufac¬ 
turer’s  instructions.  Apoptosis  was  detected  by  IHC  for  cleaved  caspase-3 
on  formalin-fixed,  paraffin-embedded  liver  tissues.  Cleaved  caspase-3  anti¬ 
body,  which  is  indicative  of  activated  caspase-3  (rabbit  monoclonal  1:50, 
Cell  Signaling  Technologies;  Danvers,  MA),  was  applied  for  1  hr.  Following 
several  rinses,  secondary  antibody  (Rabbit  Envision  HRP  System,  DAKO; 
Carpinteria,  CA)  and  chromogen  (Rabbit  Envision  HRP  System  reagents, 
DAB  Plus,  and  DAB  Enhancer;  DAKO)  kits  were  applied  as  per  the  manufac¬ 
turer’s  instructions.  TUNEL  and  caspase-3  staining  were  quantified  by  count¬ 
ing  positive  cells  per200x  field.  A  total  of  10-200x  fields  were  counted,  and 
means  of  these  counts  were  calculated  for  further  statistical  analysis. 

SUPPLEMENTAL  INFORMATION 

Supplemental  Information  includes  Supplemental  Experimental  Procedures, 
Supplemental  References,  six  figures,  and  one  table  and  can  be  found  with 
this  article  online  at  doi:10.1016/j.molcel.2010.12.013. 
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Supplemental  Experimental  Procedures 

Mass  Spectrometry  Based  Proteomics  and  analysis 

Mass  Spectrometry  Sample  Preparation  -  Anti-MnSOD  immune  complexes  from 

Sirt3^^^  and  Sirt3‘^'  mouse  liver  were  separated  by  SDS-PAGE  (4-20%  acrylamide)  and  stained 

with  colloidal  Coomassie  Blue  G-250  (Invitrogen).  Samples  were  de-stained  with  100  pi  of  50% 

acetonitrile  and  50  mM  ammonium  bicarbonate.  A  prominent  22  kD  band  present  in  each  gel 

lanes  was  excised,  finely  diced,  reduced  with  45mM  DTT  for  20  minutes  at  55  degrees,  alkylated 

with  100  mM  iodoacetamide  for  30  minutes  at  room  temperature,  and  digested  overnight  at  37°C 

with  trypsin.  Peptides  were  extracted  with  two  rounds  of  60%  acetonitrile  and  0.1% 

trifluoroacetic  acid  and  were  then  lyophilized  to  dryness.  Digests  were  resolubilized  in  15  pi  of 

0.1%  formic  acid  and  analyzed  by  LC-MS/MS. 

Mass  Spectrometry  Based  Proteomics  -  LC-MS-MS  analysis  of  the  peptides  was 

performed  using  a  LTQ-Orbitrap  mass  spectrometer  equipped  with  an  Eksigent  NanoEC-ASl 

Autosampler  2.08  and  the  Eksigent  NanoEC-lD  plus  HPEC  pump,  and  Nanospray  source.  The 

peptides  were  resolved  on  a  packed  fused  silica  capillary  column,  100  pm  x  20  cm,  packed  with 

C18  resin  (Jupiter  C  ,  3  pm,  300  A,  Phenomonex,  Torrance,  CA),  and  coupled  with  an  in-line 
18 

trapping  column  that  was  100  pm  x  4  cm  packed  with  the  same  C18  resin  (using  a  frit  generated 

1 

with  the  liquid  silicate  Kasil  1  ).  Eiquid  chromatography  was  carried  out  at  ambient  temperature 
with  a  flow  rate  of  0.5  jiV  /min  using  a  gradient  mixture  of  0.1%  (v/v)  formic  acid  in  water 


(solvent  A)  and  0.1%  (v/v)  formic  acid  in  acetonitrile  (solvent  B).  The  flow  rate  during  the 
loading  and  desalting  phase  of  the  gradient  was  1.5pL/min  and  during  separation  phase  was  500 
nL/min.  A  95  min  gradient  was  performed  with  a  10  min  washing  period  diverted  to  waste  after 
the  precolumn  (98%  A  for  the  first  10  min  followed  by  a  gradient  to  98%  A  at  15  min)  to  allow 
for  removal  of  any  residual  salts.  After  the  initial  washing  period,  a  60  min  gradient  was 
performed  where  the  first  35  min  was  a  slow,  linear  gradient  from  98%  A  to  75%  A,  followed  by 
a  faster  gradient  to  10%  A  at  65  min  and  an  isocratic  phase  at  10%  A  to  75  min. 

Centroided  MS/MS  scans  were  acquired  on  the  LTQ-Orbitrap  using  an  isolation  width  of 
2  miz,  an  activation  time  of  30  ms,  an  activation  q  of  0.250  and  35%  normalized  collision  energy 
using  1  microscan  with  a  maximum  injection  time  of  0.1  sec  for  each  MS/MS  scan  and  1 
microscan  with  a  maximum  injection  time  of  1  sec  for  each  full  orbitrap  MS  scan.  The  tune 
parameters  were  as  follows:  spray  voltage  of  2.43  kV,  a  capillary  temperature  of  200  °C,  a 
capillary  voltage  of  48  V  and  tube  lens  of  85  V.  The  AGC  target  values  were  set  at  1,000,000  for 
the  full  MS  and  10000  for  the  MS/MS  spectra.  A  full  scan  obtained  for  eluting  peptides  in  the 
range  of  400-2000  amu  was  collected  on  the  Orbitrap  at  a  resolution  of  60  000,  followed  by  five 
data-dependent  MS/MS  scans  on  the  LTQ  portion  of  the  instrument  with  a  minimum  threshold  of 
1000  set  to  trigger  MS/MS  spectra.  A  dynamic  exclusion  list  of  the  150  previously  analyzed 
precursors  was  maintained  for  60  sec  in  which  time  MS/MS  was  not  performed  on  those  masses. 

Spectra  were  extracted  from  the  instrument  data  files  using  ScanSifter  and  then  searched 
using  SEQUEST  against  the  mouse  protein  database  (ElniProtKB  Mouse;  ver  201006  )  also 
containing  reversed  protein  sequences  with  carbamidomethyl  Cys  (+57),  oxidized  Met  (+16)  and 
acetylated  lysine  (42)  as  variable  modifications.  Resulting  peptide  matches  were  collated  using 
the  IDPicker  algorithm  (version  3.0.0;  Ma  et.  al,  2009)  with  a  target  false  discovery  rate  of  5% 
with  the  additional  requirement  of  a  minimum  of  2  distinct  peptides  per  protein  group. 


Figure  2f.  Tandem  mass  spectra  for  the  MnSOD  peptide  ''^GELLEAIK'^^  in  an  A) 
unmodified  (436.257  Da,  +2  charge)  and  B)  acetylated  (457.257  Da,  +2  charge)  form  were 
identified  in  full  scan  MS  spectra  in  each  of  two  replicate  Sirt3^^^  and  Sirt3~^~  EC-MS  analyses. 
C-E)  Selected  ion  chromatograms  (SIC)  of  "^GEEEEAIK^^^  and  "^GEEEEAIK'^^  -acetyl  for 
each  Sirt3^^^  (C  and  D)  and  Sirt3~^~  IP  replicate  (E  and  E)  are  shown.  The  area  under  the  curve  for 
each  SIC  was  used  to  derive  an  average  peptide  ratio  (unmodified/acetylated).  Average  sirt3^^^ 
ratio  (1. 1 14%);  Average  sirt3~^'  ratio  (2.341%). 

MnSOD  activity  assay 

MnSOD  activity  was  determined  from  whole  cell  homogenates  prepared  on  ice  following 
2  freeze-thaw  cycles  in  50  mM  potassium  phosphate  buffer  (pH=7.8,  with  1.34  mM 
diethylenetriaminepentaacetic  acid)  using  an  indirect  competitive  inhibition  assay  (Zhu  et  ah, 
2009).  This  assay  is  based  on  the  competition  between  MnSOD  and  an  indicator  molecule 
(nitroblue  tetrazolium)  for  superoxide  production  from  xanthine  and  xanthine  oxidase,  according 
to  the  method  of  Spitz  and  Oberley  (Spitz  and  Oberley,  1989).  Incubation  for  at  least  45  min 
with  5  mM  sodium  cyanide  was  used  to  inhibit  CuZnSOD  activity  in  order  to  selectively 
measure  MnSOD  activity.  Activity  data  for  MnSOD  is  presented  as  units  of  SOD  activity  per 
milligram  of  protein.  Mitochondrial  superoxide  levels  were  determined  in  the  Sirt3  wild-type  and 
knockout  mouse  livers  at  5  and  13  months  of  age.  Superoxide  levels  were  measured  as 
previously  described  (Ei  et  al,  2001). 

In  vitro  immortalization  and  transformation  assays 

Eor  in  vitro  immortalization,  Sirt3'^'  MEEs  at  passage  three  were  infected  with  a  lentivirus 

containing  Ras,  Myc,  and/or  MnSOD  or  one  of  the  MnSOD  mutant  genes.  MEEs  were  infected 

with  5  MOI  of  virus  per  10  cm  plate.  Eevels  of  Ras  or  exogenous  MnSOD  were  confirmed  by 
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western  blot  analysis  and  PCR  analysis  (data  not  shown).  Cells  were  eultured  and  split  every  two 
days  to  prevent  confluency  and  plated  into  a  new  100  mm  dish  at  3.0  x  10^  cells.  After  17 
additional  passages  (20  total),  cells  were  considered  immortalized  if  they  continued  to  divide. 


The  anti-MnSOD^‘^'^^^^  antibody  preferentially  binds  to  acetylated  MnSOD  lysine  122 

To  begin  to  characterize  that  the  monoclonal  anti-MnSOD^^^'^^^^  specific  antibody,  which 
was  made  in  collaboration  with  Epitomics,  Inc,  Burlingame,  CA,  we  obtained  a  series  of  samples 
from  33  monoclonal  cell  lines.  Based  on  the  ELISA  results  sample  33  was  used  for  further 
experiments.  To  begin  to  more  rigorously  characterize  a  monoclonal  antibody  that  is  specific  for 
acetylated  MnSOD  at  amino  acid  lysine  122  HEK  293T  cells  were  transfected  with  a  CMV 
based  plasmid  expressing  a  Elag-tagged  wild-type  MnSOD  protein.  These  cells  were  maintained 
in  1  pM  TSA  and  after  48  hr  the  exogenous  MnSOD  was  IPed  with  an  anti-Elag  antibody.  Equal 
amounts  of  IPed  MnSOD  were  incubated  with  purified  SIRT3  protein  (BioMol,  Inc.)  without  or 
with  NAD-H  that  is  required  to  induce  SIRT3  deacetylation  activity.  These  samples  were 
subsequently  separated  and  incubated  with  the  antibody  obtained  from  Epitomics,  Inc, 
Burlingame,  CA).  These  results  demonstrate  that  SIRT3  immunoreactive  protein  is  decreased  in 
the  sample  containing  SIRT3  and  NAD-H  but  not  SIRT3  lacking  NAD-H  (Eig.  S6A,  lanes  1  versus 
2).  These  in  vitro  were  repeated  with  2  hr  of  incubation  with  the  13  amino  acid  lysine  122 
acetylated  peptide  (Ac -peptide)  used  to  make  the  antibody  or  an  identical  control  13  amino  acid 
peptide  that  lacks  an  acetyl  molecular  at  position  122.  These  experiments  demonstrate  that 
incubation  with  the  acetylated  peptide  prevents  immunostaining  with  the  anti-MnSOD^‘^''^'^^ 
specific  antibody  (Eig.  S6A,  lanes  3  and  4)  but  not  with  the  control,  non-acetylated  antibody 
(lanes  5  and  6).  These  results  strongly  suggest  that  the  antibody  make  for  us  by  Epitomics  is 
specific  for  acetylated  lysine  122. 
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To  further  validate  the  results  with  anti-MnSOD^‘^''^'^^  speeifie  antibody  the  samples  used 
for  figure  S6A,  lanes  1  and  2  were  sent  for  mass  speetrometry  as  was  previously  done  using  the 
Vanderbilt  Proteinomies  Core  (see  main  manuseript,  Fig.  2f  and  Fig.  S2E).  The  left  panel  of 
appendix  figure  A2B  has  also  been  added  to  the  manuseript  as  Fig.  3f  to  show  that  MnSOD 
lysine  122  is  speeifieally  deaeetylated  in  vitro  by  reeombinant  SIRT3.  These  results  showed  a 
roughly  80%  deerease  in  MnSOD  lysine  122  aeetylation  (Fig.  S6C)  that  is  similar  to  and  very 
eonsistent  with  the  anti-MnSOD'^‘^'^^^^  antibody  Western  (Fig.  S6B)  results.  These  results  also 
show  that  ineubation  of  IPed  MnSOD  from  eells  eontaining  TSA  with  the  purified  SIRT3  results 
in  a  signifieant  (80%),  but  not  eomplete,  deaeetylation  of  MnSOD  lysine  122  (Fig.  S6A,  lane  1 
versus  lane  2). 
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Figure  SI,  MnSOD  Levels  in  Sirt3  Wild-Type  and  Knockout  Mouse  Livers  at  5  and  13 
Months  and  the  Sirt3  Knockout  MEFs  at  Passage  Number  Three 

(A)  MnSOD  RNA  levels  are  deereased  in  the  Sirt3'^'  miee  between  9  and  13  months  of  age. 
Mouse  livers  were  harvested  and  RNA  was  prepared  as  previously  described  (Gius  et  ah,  1990) 
in  isogenic,  age-matched  wild-type  and  SirtS  knockout  mouse  livers  extracts  at  3,  5,  9,  and  13 
months.  MnSOD  expression  was  determined  by  qRT-PCR  using  MnSOD  and  13-actin  Taqman 
probes  (ABI)  as  previously  described  (Kim  et  ah,  2010). 

(B)  MnSOD  protein  levels  in  Sirt3^^^  and  Sirt3'^'  MEFs  at  early  cell  passage  number.  MEFs  at 
passage  three  were  isolated  and  whole  cell  extracts  were  harvested,  separated  by  SDS-PAGE, 
transferred  onto  nitrocellulose,  and  processed  for  immunoblotting  with  an  anti-MnSOD  antibody 
(Santa  Cruz  Biotechnology,  Inc).  A  representative  gel  is  shown. 

(C)  Catalase  activity  in  the  wild-type  and  SirtS  knockout  mice  is  similar.  Liver  extracts  were 
isolated  from  Sirt3^^^  and  Sirt3‘^‘  mice  as  previously  described  (Kim  et  ah,  2010).  Catalase 
activity  was  determined  as  previously  described  (Grdina  et  ah,  2009)  spectrophotometrically 
from  aliquots  of  the  same  whole  tissue  homogenates  (20-200  pg)  used  for  SOD  analysis  by 
measuring  the  disappearance  of  10  mM  H2O2  at  240  qm  in  3  ml  reaction  volumes  of  potassium 
phosphate  buffer  pFl  7.0  and  calculated  as  k  units  and  normalized  to  protein  content. 

(D)  The  liver  samples  described  in  (C)  were  separated  by  SDS-PAGE  and  immunoblotted  with 
either  an  anti-catalase  (Abeam)  or  anti-actin  (Santa  Cruz  Biotechnology,  Inc)  antibody.  All  the 
results  in  this  figure  are  from  at  least  three  separate  experiments.  Data  are  presented  as  the 
average  +/-  SD.  *  indicates  P  <  0.05  by  t-test.  Figure  SI  A  relates  to  Figure  lA.  Figure  SIB 
relates  to  Figure  1C.  Figure  SIC  relates  to  Figure  1.  Figure  SID  relates  to  Figure  1. 
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Figure  S2,  MnSOD  Contains  a  Reversibly  Acetylated  Lysine  and  Protein  Deacetylation  and 
SOD  Activity  Are  Decreased  in  SirtS'''  Cells 

(A)  MnSOD  levels  from  livers  from  3-month-old  age-matehed  SirtS miee  are  unehanged  with 
fasting.  Mitoehondrial  liver  extraets  were  harvested  as  previously  described  (Kim  et  al.,  2010) 
and  immunoblotted  with  an  anti-MnSOD  antibody  (Santa  Cruz  Biotechnology,  Inc)  to  determine 
total  mitochondrial  protein  levels. 

(B)  Fasting  does  not  alter  MnSOD  acetylation  in  mice  lacking  SirtS.  Mitochondrial  liver  extracts 
were  harvested  as  described  above  from  Sirt3'^'  mice,  IPed  with  an  anti-MnSOD  antibody,  split 
into  two  equal  fractions,  and  immunoblotted  with  either  an  anti-acetyl  (Abeam)  or  anti-MnSOD 
antibody  (Santa  Cruz  Biotechnology,  Inc). 

(C)  Total  MnSOD  mitochondrial  protein  is  similar  in  the  livers  of  SirtS  wild-type  and  knockout 
mice  at  3  months  of  age  with  or  without  fasting.  Mitochondrial  liver  extracts  were  harvested, 
separated  by  SDS-PAGE,  transferred  onto  nitrocellulose,  and  processed  for  immunoblotting  with 
an  anti-MnSOD  antibody. 

(D)  Liver  extracts  were  isolated  from  SirtS'^'  and  SirtS^^^  mice,  as  well  as  from  mice  that  were 
fasted  for  36  hr,  separated,  and  immunoblotted  with  either  an  anti-NAMPT  or  anti-COX-IV 
antibody.  Representative  gels  are  shown. 

(E)  Acetylation  of  MnSOD  lysine  122  is  increased  in  the  livers  of  mice  lacking  the  SirtS  gene.  At 
3  months  of  age  Sirt3^^^  and  Sirt3'^'  mouse  livers  (6  mice  in  each  group)  were  harvested,  and 
mitochondria  were  isolated  and  analyzed  for  acetylation  of  MnSOD  lysine  122  via  mass 
spectrometry  (Schwer  et  al.,  2009).  Results  are  presented  as  fold  change  from  the  untreated,  wild 
type  mouse  livers.  All  the  results  in  this  figure  are  from  at  least  three  separate  experiments. 
Representative  gels  are  shown.  Data  are  presented  as  the  average  +/-  SD.  *  indicates  P  <  0.05  by 
t-test.  Eigure  S2A  relates  to  Eigure  2 A.  Eigure  S2B  relates  to  Eigure  2 A.  Eigure  S2C  relates  to 
Eigures  2A  and  2B.  Eigure  S2D  relates  to  Eigures  2A  and  2B.  Eigure  S2E  relates  to  Eigure  2E. 
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Figure  S3,  MnSOD  Contains  an  Evolutionarilv  Conserved  Lysine  Residue  that  Regulates 
SOD  Activity 

(A)  A  representative  3D  rendering  of  the  protein  strueture  for  the  MnSOD  complex,  which  is  a 
functional  tetramer.  Lysine  122  is  shown  in  red  and  identified  by  a  white  arrow.  As  can  been 
seen,  lysine  122  is  on  the  outside  of  the  protein  and  as  such,  is  in  an  ideal  position  to  interact 
with  other  proteins  such  as  the  Sirt3  deacetylase. 

(B)  Infection  of  MnSOD  knockout  MEFs  with  the  various  MnSOD  lentiviruses  results  in  similar 
levels  of  expressed  exogenous  protein.  MnSOD"'^'  MEFs  were  infected  with  a  control  virus  (lane 
5),  lenti-MnSOD^'^^  (lanes  1-2)  or  one  of  the  lysine  site-directed  mutants  (lenti-MnSOD^'^^'*^, 
lane  3  or  lenti-MnSOD^'^^'^,  lane  4).  After  48  hr  cells  were  harvested  and  extracts  were 
separated  by  SDS-PAGE  and  immunoblotted  with  an  anti-myc  antibody  (Santa  Cruz 
Biotechnology,  Inc.).  Experiments  were  done  in  triplicate.  A  representative  gel  is  shown. 

(C)  H2O2  levels  were  determined  in  the  MnSOD'^'  MEFs  infected  with  the  MnSOD  lentiviruses. 
Forty  hr  after  infection,  steady-state  levels  of  H2O2  were  determined  using  the  PEG-CAT- 
inhibitable  signal  from  the  oxidation-sensitive  CDCFH2  probe  and  flow  cytometry  analysis 
(Hadzic  et  ah,  2010).  Cells  were  labeled  with  the  oxidation-sensitive  CDCFH2  fluorescent  probe 
for  15  min  at  37°C.  PEG-CAT-inhibitable  mean  fluorescence  intensity  (MFI)  was  calculated  by 
subtracting  the  MFI  value  with  PEG-CAT  versus  the  absence  of  PEG-CAT. 

(D)  Mitochondrial  superoxide  levels  in  Sirt3  knockout  MEFs  exposed  to  IR  are  decreased  by 
infection  with  lenti-MnSOD^^^^'^.  Sirt3''^‘  MEFs  were  exposed  to  5  Gy  of  IR  and  mitochondrial 
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superoxide  levels  were  determined  by  the  addition  of  Mito-SOX  (1  pM)  as  deseribed  (Kim  et  ah, 
2010).  Results  for  all  the  panels  in  this  figure  are  the  mean  of  at  least  three  separate  experiments 
and  error  bars  represent  one  standard  deviation.  *  indieatesP  <  0.05  and  **  indieates  P  <  0.01  by 
t-test.  Figure  S3A  relates  to  Figure  5A.  Figure  S3B  relates  to  Figure  5C-G.  Figure  S3C  relates  to 
Figure  5B-G.  Figure  S3D  relates  to  Figure  5H. 
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Figure  S4,  Expression  of  the  MnSOD^^^^'^  Mutant  Results  in  the  Expression  of 
Immunoreactive  MnSOD  Protein  and  Reverses  the  Increased  Superoxide  Levels  Seen  in 
Sirt3 '  Ras  MEFs 

(A)  Sirt3'^'  MEFs  were  infected  with  a  control  virus  (lane  1),  a  lentivirus  expressing  the  wild- 
type  MnSOD  gene  (lenti-MnSOD^^^^,  lane  2)  or  one  of  the  lysine  mutants  that  substitutes  a 
glutamine  (lenti-MnSOD^^^^'*^,  lane  3)  or  an  arginine  (lenti-MnSOD'^'^^'^,  lane  4).  After  48  hr 
cells  were  harvested  and  extracts  were  separated  by  SDS-PAGE,  transferred  onto  nitrocellulose, 
and  processed  for  immunoblotting  with  an  anti-MnSOD  antibody  (Santa  Cruz  Biotechnology, 
Inc). 

(B)  H2O2  levels  were  determined  in  the  Sirt3‘^'  MEFs  infected  with  the  MnSOD  lentiviruses. 
Forty  hr  after  infection,  steady-state  levels  of  H2O2  were  determined  as  described  in  figure 
legend  S3  (Hadzic  et  ah,  2010). 

(C)  Infection  of  the  transformed  Sirt3'^'  Ras  cells  with  lenti-MnSOD'^'^^  and  lenti-MnSOD'^'^^'^, 
but  not  lenti-MnSOD  reverses  the  increased  mitochondrial  superoxide  levels  in  the  Sirt3' ' 
Ras  cells.  Sirt3'^'  Ras  cells  were  infected  with  either  wild-type  or  one  of  the  site  directed  mutant 
MnSOD  genes.  Forty  hr  after  infection,  the  cells  were  analyzed  for  mitochondrial  superoxide 
levels  as  described  (Kim  et  ah,  2010). 

(D)  Infection  of  Sirt3  knockout  MEFs  transformed  with  Ras  (referred  to  as  Sirt3'^'  Ras  cells)  with 
the  various  MnSOD  lenti-viruses  results  in  similar  levels  of  endogenous  MnSOD  immuno¬ 
reactive  protein.  The  transformed  Sirt3'^'  Ras  cells  were  infected  with  a  control  virus  (lane  1), 
lenti-MnSOD^'^^  (lane  2),  lenti-MnSOD'^'^^'^  (lane  3),  or  lenti-MnSOD'^'^^''^  (lane  4).  After  48 
hr  cells  were  harvested  as  described  above  and  immunoblotted  with  an  anti-MnSOD  antibody 
(Santa  Cruz  Biotechnology,  Inc).  The  infection  experiments  in  this  figure  were  done  in  triplicate 
and  representative  gels  are  shown.  Results  are  from  at  least  three  separate  experiments.  Data  are 
presented  as  the  average  +/-  SD.  *  indicates  P  <  0.05  and  **  indicates  P  <  0.01  by  t-test.  Figure 
S4A  relates  to  Figure  6a-b.  Figure  S4B  relates  to  Figure  6a-b.  Figure  S4C  relates  to  Figure  6c-d. 
Figure  S4D  relates  to  Figure  6c-d. 
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Figure  S5,  MnSOD  Lysine  Acetylation  Is  Altered  by  IR  in  Livers  from  Irradiated  Sirt3^'^^ 
Animals  but  Not  Sirt3''^'  Animals  and  Sirt3'^'  Livers  Showed  Increased  Caspase-3  Activation 
in  Response  to  IR,  Relative  to  Sirt3^'^^ 

(A)  SirtS^'^^  and  Sirt3'^‘  mice  at  12  weeks  were  exposed  to  sham  or  2  x  2  Gy  Cesium  137 
exposure  on  consecutive  days  and  harvested  after  24  hr  and  mitochondria  were  isolated. 
Mitochondrial  liver  extracts  were  harvested,  IPed  with  an  anti-MnSOD  antibody,  split  into  two 
equal  fractions,  separated,  and  immunoblotted  with  either  an  anti-K122-MnSOD  antibody 
(Epitomics,  Inc,  The  Rabbit  Monoclonal  Antibody  Company,  see  Supplemental  Information  for 
antibody  description)  or  anti-MnSOD  antibody  (Santa  Cruz  Biotechnology,  Inc). 

(B)  The  same  samples  as  above  were  immunoblotted  with  an  anti-MnSOD  antibody. 
Representative  gels  are  shown. 

(C)  Liver  sections  from  Sirt3'^'  and  Sirt3'^'  irradiated  mouse  livers  were  processed  with  osmium 
(top)  to  identify  hepatocellular  lipid  or  stained  with  periodic  acid-Schiff  reagent  (bottom)  to 
identify  glycogen.  There  were  minimal  to  no  osmium  positive  lipid  vacuoles  within  periportal 
hepatocytes  from  either  group.  There  was  abundant  glycogen  (magenta)  in  hepatocytes  from 
non-irradiated  Sirt3''  mice.  Hepatocytes  from  Sirt3''  exposed  to  irradiation  had  moderate 
cytoplasmic  glycogen  with  poorly  defined  cytoplasmic  clear  space.  Bar  =  25  mm. 

(D)  Apoptosis  was  determined  in  the  Sirt3'^^'^  and  Sirt3'^'  livers  exposed  to  IR  as  above.  Apoptotic 
cells  were  identified  in  liver  sections  by  staining  with  an  anti-activated-caspase-3  antibody. 
Cleaved-caspase-3  positive  cells  were  counted  in  20  randomly  selected  fields  per  liver  section. 
Results  are  reported  as  the  average  number  of  positive  cells  per  200X  field. 

(E)  Irradiated  Sirt3'^'  mouse  livers  exhibit  increased  anti-nitrotyrosine  staining.  Nitrotyrosine 
immunohistochemical  staining  was  quantified  by  counting  positive  cells  (cytoplasmic  or  nuclear 
staining)  per  400X  field  with  the  following  scoring  system;  0  (0  positive  cells),  1  (1-10  positive 
cells),  2  (10-20  positive  cells),  3  (>20  positive  cells).  A  total  of  10,  400X  fields  were  scored  and 
means  of  these  scores  were  calculated  for  further  statistical  analysis.  Results  are  from  at  least 
three  separate  experiments.  Data  for  S5D-E  are  presented  as  the  average  +/-  SD.  *  indicates  P  < 
0.05.  Eigure  S5A  relates  to  Eigure  7b.  Eigure  S5B  relates  to  Eigure  7b.  Eigure  S5C  relates  to 
Figure  7b.  Figure  S5D  relates  to  Figure  7e.  Figure  S5E  relates  to  Figure  7f 
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Figure  S6,  SIRT3  Deacetylated  MnSOD  In  Vitro  and  the  Anti-MnSOD^*^'*^^^^  Specific 
Antibody  Is  Specific  for  Acetyl  Lysine  122  of  MnSOD 

(A)  A  flag-tagged  MnSOD  expression  veetor  was  transfeeted  into  HEK  293T  eells  that  eontained 
TSA  (1  pM)  and  after  48  hr  Flag-MnSOD  was  immunopreeipitated  with  an  anti-Flag  antibody 
(Sigma,  Ine).  The  samples  were  subsequently  washed,  and  ineubated  with  purified  SIRT3  protein 
(BioMol,  Ine.)  without  (lane  1  or  with  (lane  2)  NAD.  After  2hr  mixtures  were  immunoblotted 
with  an  anti-MnSOD  aeetyl  122  lysine  antibody  (Epitomies,  Ine,  Burlingame,  CA).  Identieal 
experiments  were  done  with  the  13  amino  aeid  lysine  122  aeetylated  peptide  (Ae -peptide)  or  the 
eontrol  non-aeetylated  lysine  122  peptide  (Cont-peptide). 

(B)  The  samples  from  lanes  1  and  2  were  also  sent  for  mass  speetrometry  at  the  Vanderbilt 
Proteinomies  Core  to  determine  the  differenee  in  MnSOD  122  lysine  aeetylation  as  previously 
deseribed  (figure  2f).  Data  are  presented  as  the  average  +/-  SD.  *  indieatesP  <  0.05 
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Table  SI.  MnSOD  Prevents  Immortalization  of  Sirt3  ^  MEFs  by  a  Single  Oncogene 


MEFs 

Control 

Myc 

Ras 

Myc/Ras 

Sirt3^'^ 

None 

None 

None 

Immort 

SirtS'^' 

None 

Immort 

Immort 

Immort 

Sirt3'^'  +  lenti-MnSOD^'^^'^ 

None 

Immort 

Immort 

Immort 

Sirt3'^'  +  lenti-MnSOD^'^^'^ 

None 

None 

None 

Immort 

None,  no  MEF  immortalization. 
Immort,  immortalization. 
lenti-MnSOD  10  MOL 


Immortalization  experiments  were  done  in  triplieate. 
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APPENDIX  B 


OSCP  activity  is  directed  by  Sirt3  deacetylation 


OSCP  Contains  an  Evolutionarily  Conserved  Lysine  that  is  Deacetylated  by 
Sirt3  that  Directs  ATP  Synthase  Activity 
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ABSTRACT 

Genetic  deletion  of  mitochondrial  sirtuin-3  {Sirt3)  in  vitro  and  in  vivo  decreases 
mitochondrial  ATP  levels  suggesting  a  mechanistic  connection  to  energy  homeostasis.  OSCP  sits 
atop  the  ATP  synthase  (FiFo  ATPase)  that  uses  chemiosmotic  energy  across  the  inner 
mitochondrial  membrane  to  convert  ADP  and  orthophosphate  to  ATP.  OSCP  contains  a  nutrient 
status-reversible  acetyl-lysine  that  is  evolutionarily  conserved  in  multiple  species.  Mass 
spectrometry  demonstrated  that  lysine  139  is  hyperacetylated  in  Sirt3  knockout  livers.  Re- 
introduction  of  wild-type,  but  not  deacetylation  null  Sirt3,  into  Sirt3'^'  MEFs  deacetylated  OSCP 
and  increased  mitochondrial  ATP  levels.  IP  experiments  showed  a  physical  interaction  between 
OSCP  and  Sirt3.  A  series  of  in  vitro  and  in  vivo  analysis  demonstrated  that  OSCP  lysine  139  is 
deacetylated  by  Sirt3.  Finally,  OSCP  lysine  139  was  mutated  to  arginine,  mimicking 
deacetylation  (CMV-OSCP^'^^'^)  and  expression  of  CMV-OSCP^^^^'^  increased  mitochondrial 
ATP  levels  demonstrating  that  Sirt3  post-translational  acetyl  signaling  contributes  to 
mitochondrial  energy  homeostasis  by  deacetylating  OSCP. 
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INTRODUCTION 

An  intriguing  finding  from  our  previous  work  (Kim  et  al.,  2010),  and  that  of  others  (Ahn  et 
ah,  2008),  demonstrated  that  eells  lacking  Sirt3  exhibited  altered  mitochondrial  metabolism, 
including  a  significant  decrease  in  mitochondrial  ATP  levels.  Mitochondria  are  central  to  aging 
and  age-related  diseases  such  as  insulin  resistance,  neurodegeneration  and  carcinogenesis  by 
tightly  regulating  the  reactive  oxygen  species  (ROS)  generated  as  a  byproduct  of  normal 
respiration  activities  (Singh,  2006). 

Chemical  reactions  in  a  cell  that  are  critical  for  the  maintenance  for  cellular  viability  are 
thermodynamically  dependent  on  the  mitochondria  to  maintain  a  mass  action  ratio  of  ATP  and 
ADP  up  to  ten  orders  of  magnitude  away  from  equilibrium.  The  ATP  synthase  (FiFo  ATPase),  an 
evolutionarily  ancient  protein  complex,  uses  chemiosmotic  energy  stored  in  a  gradient  across  the 
mitochondrial  inner  membrane  to  convert  ADP  and  orthophosphate  to  ATP  (Watt  et  ah,  2010). 
The  mammalian  mitochondrial  ATP  synthase  complex  consists  of  16  different  subunits  plus  two 
accessory  subunits  (DAPIT  and  6.8  kDa)  peripheral  to  the  synthesis  of  ATP,  whose  presence  is 
dependent  on  the  retention  of  phospholipids  (Walker  and  Dickson,  2006).  There  is  a  membrane- 
bound  portion  (Fo)  and  a  central  stalk  (Fi)  containing  a  catalytic  domain,  held  by  a  peripheral  stalk 
stator  that  extends  into  the  matrix. 

Rotational  energy  is  generated  by  protons  entering  the  Fq  portion  of  the  ATP  synthase 
complex  via  a  channel  or  channels  between  stationary  subunit  a  and  a  rotary  ring  consisting  of  8  c 
subunits  (Watt  et  ah,  2010).  The  rotational  movement  is  transmitted  through  a  central  stalk 
consisting  of  subunits  y,  5,  and  s.  The  y  subunit  of  this  asymmetrical  stalk  interacts  with  the  non¬ 
rotating  catalytic  subunits  consisting  of  3  each  of  alternating  a  and  p  subunits.  The  spinning 
central  stalk  of  the  ATP  synthase  is  held  in  place  by  an  external  stalk  consisting  of  subunits 
oligomycin  sensitivity-conferring  protein  OSCP,  p,  F6,  and  5;  and  OSCP  sits  on  the  top  of  the 
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ATP  synthase  complex  and  appears  to  hold  the  alpha  and  beta  proteins  in  specific  3-dimenstional 
complexes  (Rees  et  ah,  2009)  This  stator  is  fiexible,  a  trait  which  may  have  a  role  in  maintaining 
contact  with  the  rotating  portion  of  the  Fi  complex  during  ATP  synthesis  as  well  as  in  regulating 
enzymatic  function  (Rees  et  ah,  2009). 

Lysine  acetylation  has  recently  emerged  as  an  important,  and  perhaps  the  primary,  post- 
translational  modification  employed  to  regulate  mitochondrial  proteins  (Choudhary  et  ah,  2009; 
Schwer  et  ah,  2006).  Several  proteomic  surveys  have  identified  a  disproportionately  high  number 
of  acetylated  proteins  in  the  mitochondria,  and  many  appear  to  be  associated  with  energy 
metabolism  (Choudhary  et  ah,  2009;  Kim  et  ah,  2006).  Based  on  these  results,  it  seems 
reasonable  to  suggest  that  acetylation  of  mitochondrial  proteins  may  play  a  role  in  maintaining  and 
regulating  mitochondrial  metabolism  and  function.  Sirt3  is  the  primary  mitochondrial  deacetylase 
(Lombard  et  ah,  2007),  and  genetic  knockout  of  Sirt3  results  in  decreased  cellular  ATP  levels  in 
vitro  and  in  vivo  (Ahn  et  ah,  2008).  Thus,  we  believe  it  is  a  logical  extension  to  hypothesize  that 
Sirt3  functions  as  a  mitochondrial  regulatory  protein,  maintaining  mitochondrial  homeostasis  via 
changes  in  the  acetylation  status  of  mitochondrial  metabolic  proteins,  including  perhaps  those  that 
comprise  the  ATP  synthase  complex.  This  idea  would  mechanistically  connect  a  metabolic 
sensing  /  signaling  proteins,  such  as  Sirt3,  to  the  direct  regulation  of  ATP  synthase. 
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RESULTS 

Sirt3  knockout  cells  have  increased  mitochondrial  acetylated protein 

Tissues  from  mice  genetically  altered  to  delete  Sirt3  expression  were  removed  and 
mitochondria  were  isolated  from  organs  pooled  from  several  mice  via  homogenization  and 
differential  centrifugation.  Western  blotting  with  an  antibody  against  Sirt3  (a  kind  gift  from 
Michael  Sack,  NIH,  Bethesda,  Maryland)  confirmed  that  the  Sirt3'^'  animals  lacked  Sirt3  (Fig.  la). 
Global  acetylation  in  the  mitochondrial  proteome  was  examined  in  the  mitochondria  of  Sirt3^^^ 
and  Sirf^'  mice  livers  as  well  as  mice  fasted  for  24  hours  that  has  been  shown  to  activate  sirtuin 
proteins  (Finkel  et  ah,  2009).  Proteins  containing  acetylated  lysine  residues  were  detected  after 
resolution  by  1-D  SDS-PAGE  and  immunoblotting  with  an  anti-acetyl  lysine  antibody  (Cell 
Signaling,  Inc.).  Elevated  levels  of  mitochondrial  lysine  acetylation  were  detected  in  the  Sirt3'^' 
mice  as  well  as  mice  fasting  for  24  hours  (Eig.  lb),  and  further  analysis  via  ion-exchange 
chromatography  clearly  showed  a  difference  in  total  acetylation  (Supplemental  Eig.  SI  A). 

OSCP  contains  a  reversible  acetyl  lysine  that  is  deacetylated  by  Sirt3 

Evidence  that  OSCP  contains  reversibly  acetylated  lysine  residues  was  obtained  when 
wild- type  mice  were  fasted  for  36  hours  and  their  livers  were  harvested  and  immunoprecipitated 
(IPed)  with  an  anti-OSCP  antibody.  These  samples  were  subsequently  divided  into  equal 
fractions,  resolved  by  SDS-PAGE,  and  immunoblotted  with  either  an  acetyl  (Eig.  Ic,  upper  panel) 
or  an  anti-OSCP  antibody  (Pig.  Ic,  lower  panel)  showing  that  OSCP  acetylation  was  increased  in 
the  livers  from  fasting  mice. 

To  determine  if  Sirt3  directly  deacetylates  OSCP,  two  lentiviruses  were  constructed  that 
expressed  either  the  wild-type  (lenti-Sirt3-wt)  or  a  deacetylation  null  mutant  (lenti-Sirt3-dn)  Sirt3 
gene  (a  gift  from  Dr.  Toren  Pinkel,  NIDDK)  in  which  amino  acid  248  was  changed  from  a 
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histidine  to  tyrosine  (Ahn  et  al.,  2008).  SirtS'^'  mouse  embryonic  fibroblasts  (MEFs)  were  infected 
with  these  two  viruses  and  a  control  lentivirus,  IPed  with  an  anti-OSCP  antibody,  divided  into 
equal  fractions,  resolved  by  SDS-PAGE,  and  then  immunoblotted  with  either  an  acetyl  (Fig.  le, 
upper  panel)  or  and  anti-OSCP  antibody  (Fig.  le,  lower  panel).  These  experiments  demonstrated 
that  wild-type,  but  not  deacetylation-null  Sirt3,  decreases  OSCP  acetylation  (Fig.  le,  lane  2  versus 
3)  and  increases  mitochondrial  ATP  levels  in  a  Sirt3'^‘  MEFs  (Fig.  If),  though  not  to  the  levels 
observed  in  Sirt3’^^’^  MEFs.  Equal  levels  of  exogenously  expressed  Sirt3  were  confirmed  by 
immunoblotting  with  an  anti-Sirt3  antibody  (Supplemental  Fig.  SIB).  These  results  support  the 
hypothesis  that  Sirt3  directly  deacetylates  OSCP  as  well  as  increases  total  mitochondrial  ATP. 

OSCP  physically  interacts  with  SIRT3 

To  identify  substrates  that  interact  with  human  SIRT3,  a  co-IP  was  done  with  embryonic 
kidney  (HEK  293)  cells  genetically  altered  to  express  SIRT3  tagged  with  a  FFAG  epitope.  The 
SIRT3  deacetylation  null  mutant  was  also  used,  as  well  as  the  other  mitochondrial  sirtuins,  SIRT4 
and  SIRT5,  and  ACAT2,  which  served  as  a  control  for  any  non-specific  mitochondrial  protein 
binding  to  the  FFAG  epitope.  Expression  of  fiag  tagged  proteins  was  induced  by  tetracycline 
followed  by  FFAG-IP.  These  proteins  were  then  resolved  by  PAGE,  and  stained  with  Coomassie 
(Fig.  2a),  and  protein  bands  were  excised,  digested  with  trypsin  (via  an  in-gel  digestion  protocol) 
and  identified  by  peptide  mass  fingerprinting  using  a  MAFDI-TOF-TOF  mass  spectrometer 
(Supplemental  Section,  Fig.  S2).  Two  proteins,  ATP  synthase  subunit  OSCP  and  ATPase  family 
AAA  domain-containing  protein  3A  isoform  1  (ATAD3),  were  identified  as  potential  SIRT3 
interacting  proteins  that  did  not  also  bind  to  SIRT4,  SIRT5,  or  ACAT2.  No  other  subunits  from 
the  FlFo  ATP  synthase  were  detected  in  this  experiment  or  in  replicate  experiments. 
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OSCP  was  IPed  from  HCT116  cells  genetically  altered  to  overexpress  either  the  wild-type 
(HCT116-wt)  or  deacetylation  null  SIRT3  gene  (HCT116-dn)  as  previously  described  (Jacobs  et 
ah,  2008).  These  samples  were  subsequently  resolved  by  PAGE  and  immunoblotted  with  an  anti- 
SIRT3  antibody  and  show  an  OSCP  interaetion  with  SIRT3  (Fig.  2b).  A  mye-IP  SIRT3 
immunoblot  was  also  done  as  an  internal  control  (Fig.  2b).  The  reverse  SIRT3  IP/anti-OSCP 
immunoblot  confirmed  the  interaetion  between  these  two  proteins  (Fig.  2c).  Finally,  HCT116 
cells  eonstitutively  expressing  wild-type  SIRT3  were  stained  by  immunohistoehemistry  (IHC)  with 
antibodies  to  OSCP  and  SIRT3  (Fig.  2d)  or  mitotraeker  and  SIRT3  (Fig.  2e)  and  these  results 
confirmed  that  OSCP  and  SIRT3  both  loealize  to  the  mitoehondria. 

SIRT3  deacetylates  lysine  139  of  OSCP 

To  determine  if  SIRT3  was  capable  of  deaeetylating  specific  lysine  residues  in  OSCP,  an 
in  vitro  deacetylation  assay  using  human  recombinant  SIRT3  (BioMol)  and  purified  bovine  ATP 
synthase  was  performed  (Fig.  3a).  Reaction  products  were  separated  by  PAGE  and  detected  with 
an  anti-aeetyl  antibody  showing  that  SIRT3  deacetylates  OSCP.  In  addition,  the  decrease  in  lysine 
acetylation  is  inhibited  with  nieotinamide  (lane  3),  an  inhibitor  of  sirtuin  reactions,  and  removal  of 
NAD+  (lane  4),  suggesting  that  deacetylation  is  directly  due  to  SIRT3. 

Total  mouse  liver  mitoehondrial  protein  from  Sirt3^^^  and  Sirt3'^‘  mice  was  resolved,  and 
the  part  of  the  gel  containing  OSCP  was  digested  with  trypsin.  The  peptide  mixtures  were 
analyzed  by  mass  spectrometry  in  an  OrbiTrap  mass  spectrometer.  OSCP  was  identified  in  both 
samples,  as  expected,  but  peptides  modified  by  aeetylation  of  lysine  139  were  only  detected  in  the 
OSCP  sample  from  Sirt3'^'  samples.  A  representation  of  the  tandem  mass  speetrum  demonstrating 
the  acetylation  of  lysine  139  in  a  tryptic  peptide  is  shown  (Fig.  3b).  Of  the  13  most  intense  peaks 
in  this  tandem  mass  spectrum,  8  are  attributable  to  OSCP  fragments.  Six  peaks  correspond  to  a 
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series  of  y+  type  fragment  ions  defining  a  partial  amino  aeid  sequenee  of  K(Ao)SFLS.  One  peak 
is  a  b+  type  ion,  b2,  and  an  additional  peak  of  high  intensity  eorresponds  to  the  126.0913  m/z 
immonium  ion  produeed  by  the  fragmentation  of  peptides  eontaining  s-aeetylated  lysine  and  is 
diagnostie  of  this  modifieation.  The  lysine  in  the  K(Ae)SFLS  sequenee  is  loeated  at  OSCP  amino 
aeid  position  139. 

The  specifieity  of  the  lysine  deaeetylation  was  determined  using  reeombinant  human 
SIRT3  and  a  synthetie  peptide  (JPT  Peptide  Teehnologies,  Berlin)  eorresponding  to  a  20  amino 
acid  sequence  of  OSCP  that  contains  lysine  139.  This  synthetic  peptide  (sequence 
EEATLSELKTVL(AcK)SFLSQGQ)  was  incubated  with  recombinant  SIRT3  (BioMol)  and 
NAD+,  and  the  reaction  was  monitored  by  MALDI-TOE  measurement  of  the  peptide  mass  (Eig. 
3c).  Eollowing  incubation  of  the  acetylated  synthetic  peptide  with  recombinant  SIRT3,  all  of  the 
peptide  was  reduced  in  mass  by  42  m/z.  A  control  reaction  with  nicotinamide  (an  inhibitor  of 
sirtuins)  caused  no  shift  in  the  signal,  nor  did  a  control  with  NAD+  and  no  SIRT3  (data  not 
shown).  Similar  experiments  were  performed  for  a  related  peptide  with  acetylated  threonine 
instead  of  lysine  (sequence  EEATESEEK(AcT)VEKSEESQGQ).  No  mass  change  was  observed 
for  the  threonine  acetylated  peptide  (Eig.  3d). 

Einally,  livers  from  Sirt3^^^  and  Sirt3'^‘  mice  were  harvested,  and  tandem  mass 
spectrometry  showed  a  significant  increase  in  the  acetylation  of  OSCP  lysine  139  in  the  Sirt3'^‘ ,  as 
compared  to  the  Sirt3^^^  mice  (Pig.  3e).  The  results  of  these  experiments  confirm  that  OSCP  is  a 
SIRT3  deaeetylation  target  in  vitro  and  in  vivo  and  that  OSCP  lysine  139  is  an  amino  acid  targets. 

OSCP  contains  an  evolutionarily  conserved  lysine  that  alters  mitochondrial  ATP  levels 

OSCP  is  an  old,  evolutionarily  conserved  protein  present  in  almost  all  species  and  as  such, 
if  a  specific  OSCP  lysine  is  an  acetylation  target  in  the  regulation  of  enzymatic  activity,  it  seems 
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reasonable  that  this  lysine  would  be  eonserved  in  multiple  mammalian  and  non-mammalian 
speeies.  A  BLAST  search  demonstrated  a  conserved  17  amino  acid  motif  (LSELKTVLK*SFL 
SQGQV)  around  the  lysine  of  interest  at  amino  acid  position  139  that  is  present  in  human,  murine, 
bovine,  C.  elegans,  and  yeast  (Fig.  4a).  Thus,  it  seems  reasonable  to  propose  that  this  conserved 
17  amino  acid  motif,  which  has  remained  roughly  intact  in  multiple  species,  may  be  of  biological 
and  physiological  importance. 

It  has  previously  been  shown  that  substitution  of  a  lysine  with  an  asparagine  mimics  the 
acetylated  state,  while  substitution  with  an  arginine  mimics  deacetylation  (Fi  et  ah,  2007;  Schwer 
et  ah,  2006).  Thus,  mutating  lysine  139  to  arginine  would  be  predicted  to  mimic  a  deacetylated 
lysine,  while  substitution  with  an  asparagine  would  be  expected  to  mimic  an  acetylated  lysine 
(Fig.  4b).  As  such,  pCMV-OSCP^^^'^  (wild-type),  pCMV-OSCP’^^^'^’’^,  and  pCMV-OSCP^^^"^’^ 
were  used  to  transfect  HCT116  cells  to  make  permanent  cell  lines  by  selection  with  neomycin. 
These  cells  were  used  to  determine  mitochondrial  ATP  levels.  These  experiments  demonstrated 
that  the  OSCP^'^^'^  mutant  moderately  increased  ATP  levels,  while  cells  expressing  the 
OSCP^'^^'^  mutant  slightly  decreased  ATP  levels  (Fig.  4c).  The  levels  of  exogenously  expressed 
OSCP  in  these  permanent  cell  lines  were  roughly  equal  (Fig.  4d).  These  results  suggest  that 
acetylation  of  OSCP  plays  a  role,  but  only  in  part,  in  regulating  ATP  synthase  activity. 

An  examination  of  the  published  3 -dimensional  structure  of  the  ATP  synthase  protein 
complex  OSCP  (Rees  et  ah,  2009)  from  the  side  (Fig.  4e,  see  arrow)  as  well  as  from  the  top  (Fig. 
4f)  shows  that  lysine  139  is  on  the  outside  of  the  OSCP  protein  as  well  as  the  outer  part  of  the 
ATP  synthase  complex.  This  location  is  an  ideal  position  to  interact  with  other  proteins,  such  as 
Sirt3. 
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DISCUSSION 

One  intriguing  finding  from  our  and  others  previous  work  was  that  eells  laeking  Sirt3 
exhibited  altered  mitoehondrial  metabolism,  ineluding  a  signifieant  deerease  in  mitoehondrial 
ATP  levels  (Ahn  et  ah,  2008;  Kim  et  ah,  2010).  These  results  suggest  a  potential  eonnection 
between  the  regulation  of  ATP  produetion  and  SIRT3.  In  this  regard,  Sirt3  is  the  primary 
mitoehondrial  deaeetylase  (Lombard  et  ah,  2007),  and  lysine  aeetylation  has  reeently  emerged  as 
an  important,  and  perhaps  the  primary,  post-translational  modifieation  employed  to  regulate 
mitoehondrial  proteins  (Choudhary  et  ah,  2009;  Schwer  et  ah,  2006).  In  addition,  large-seale  mass 
speetrometry  sereening  pre-  and  post-ealorie  restrietion  identified  reversibly  aeetylated  lysines  in 
72  mitoehondrial  proteins  from  a  wide  variety  of  metabolie  pathways  (Schwer  et  ah,  2009).  Based 
on  these  results,  it  seems  reasonable  to  suggest  that  deacetylation  of  mitochondrial  proteins  by 
SIRT3  may  play  a  role  in  maintaining  and  regulating  mitochondrial  metabolism  and  function. 

A  fundamental  paradigm  in  biology  is  the  presence  of  intracellular  sensing  proteins  that 
recognize  specific  cellular  conditions  and  initiate  post-translational  signaling  cascades  (Lombard 
et  al.,  2007),  and  these  pathways  activate  the  cellular  machinery  that  maintains  cellular 
homeostasis.  The  most  common  example  of  this  is  the  cytoplasmic  activation  of  kinases  that 
phosphorylate  a  series  of  downstream  targets  in  response  to  different  environmental  conditions, 
thereby  minimizing  any  potentially  permanent  cellular  detrimental  effects  (Kim  et  ah,  2010).  In 
this  regard,  lysine  acetylation  has  recently  emerged  as  an  important  and  perhaps  primary  post- 
translational  modification  employed  to  regulate  mitochondrial  proteins  (Choudhary  et  ah,  2009; 
Lombard  et  ah,  2007).  The  results  presented  above  support  this  hypothesis,  and  together  with 
recent  findings  (Kim  et  ah,  2010),  suggest  that  mitochondrial  sirtuins,  including  Sirt3,  may 
function  as  fidelity  proteins  whose  loss  of  function  may  result  in  a  damage  permissive  phenotype 
that  leads  to  aberrant  mitochondrial  function. 
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The  active  site  in  the  ATP  synthase  complex  is  formed  by  subunits  a  and  P,  and  thus  OSCP 
may  not  represent  an  intuitively  obvious  place  for  alteration  of  protein  complex  activity  through 
post-translational  modification.  However,  as  OSCP  is  the  location  of  contact  between  the 
peripheral  stator  stalk  and  the  enzymatically  active  a  and  P  subunits,  it  may  serve  to  alter  overall 
enzymatic  function  of  the  protein  compels.  Indeed,  small  alterations  in  or  removal  of  OSCP  can 
decouple  the  ATP  synthetic  activity  of  the  complex  from  the  protonmotive  force  (Rees  et  ah, 
2009).  As  OSCP  lysine  139  is  part  of  a  beta-helix  which  interacts  with  neighboring  subunit  b, 
modification  of  this  residue  could  reasonably  alter  activity  of  the  ATP  synthase  complex. 

Given  that  x-ray  crystallography  and  intact  mass  spectrometric  measurement  of  molecular 
mass  of  this  subunit  has  failed  to  detect  s-acetylation  of  any  lysine  in  OSCP,  lysine  139  is  either 
acetylated  in  a  small  portion  of  intact  ATP  synthase,  or  else  this  lysine  is  acetylated  at  times  other 
than  when  this  protein  is  assembled  into  fully  formed  and  functional  ATP  synthase  complex.  For 
example,  a  modification  present  in  only  a  few  percent  of  protein  complexes  could  be  associated 
with  a  secondary  function  such  as  uncoupling  from  the  protonmotive  force,  or  for  assembly  or 
disassembly  of  the  complex. 
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Materials  and  Methods 

Cell  lines  and  Purification  of  proteins  by  immunoprecipitation 

MEFs  were  isolated  from  E14.5  isogenie  SirtS'^^’^  and  Sirt3^^^  miee  and  maintained  in  a  37° 
C  ineubator  with  5%  CO2  and  6%  oxygen.  Sirt3^^^  or  Sirt3'^'  MEFs  (Kim  et  ah,  2010)  were 
infeeted  at  passage  3  with  lentiviral  veetors  expressing  either  the  wild-type  or  a  deacetylation  null 
Sirt3  gene  (Ahn  et  ah,  2008),  made  by  Applied  Biological  Materials,  Inc.  (Richmond,  British 
Columbia).  Eevels  of  exogenous  Sirt3  and  OSCP  were  confirmed  by  western  blot  analysis  and 
PCR  analysis  (data  not  shown). 

Mitochondria  were  solubilized  at  with  1%  w/v  DDM  and  diluted  to  a  protein  concentration 
of  5.5  mg/mL.  IPs  was  performed  using  either  antibody  already  cross-linked  to  beads,  or  with  free 
antibody.  IPed  samples  were  divided  into  equal  samples,  separated  by  SDS-PAGE,  and 
immunoblotted  with  anti-acetyl  (Cell  Signaling,  Inc.)  and  anti-OSCP  antibodies. 

Mouse  tissues 

All  work  with  mice  was  performed  at  the  National  Cancer  Institute,  National  Institutes  of 
Health,  Bethesda,  Maryland,  USA.  All  protocols  were  approved  by  the  National  Cancer  Institute's 
Animal  Care  and  Use  Committee  as  described  in  protocol  ROB-118.  Tissues  were  rinsed  in 
sucrose.  Iris,  and  EGTA  (SEE)  buffer  and  immediately  frozen  on  dry  ice. 

IP,  transfections,  and  immunoblot  analysis 

IP  with  anti-OSCP  and  anti-Sirt3  antibodies  and  the  subsequent  western  analyses  were 
done  as  previously  described  (Kim  et  ah,  2010).  The  control  for  these  IP  experiments  is 
normalized  to  rabbit  IgG  as  well  as  immunoblotting  with  the  control,  IPed  antibody. 
Transfections  of  pCMV-OSCP"^'^*^  (wild-type),  pCMV-OSCP’^^^'^’’^,  or  pCMV-OSCP^^^‘^-^  were 
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done  as  previously  described  (Kim  et  al.,  2010).  Blots  were  incubated  with  horseradish 
peroxidase-conjugated  secondary  antibody,  analyzed  using  an  ECL  protocol  (Amersham 
Biosciences,  Piscataway,  NJ),  and  visualized  in  a  Fuji  Las-3000  darkbox  (FujiFilm  Systems, 
Stamford,  CT). 

Measurement  of  mitochondrial  ATP  levels,  immunohistochemical  staining  and  Protein 
identification  by  mass  spectrometry 

ATP  levels  were  monitored  using  a  CellTiter-Glo  Luminescent  Cell  Viability  Assay  as  per 
the  manufacturer’s  instructions  (Promega).  CellTiter-Glo  was  added  to  10^  cells  and  placed  on  an 
orbital  shaker  to  induce  cell  lysis,  and  samples  were  read  on  a  chemiluminescence  plate  reader 
(Tecam  Safire;  integration  time  of  1  s).  Data  are  presented  as  mean  ±  SE  of  luminescence 
readings  from  three  separate  experiments.  IHC  was  done  as  previously  described  (Kim  et  al., 
2010).  For  mass  spectrometry  see  supplemental  section,  methods. 
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FIGURE  LEGENDS 

Figure  1.  Sirt3  knockout  cells  have  increased  mitochondrial  acetylated  protein  and 
decreased  ATP  levels  and  OSCP  contains  a  reversible  acetyl  lysine,  (a)  Mouse  liver 
mitoehondria  were  purified  from  Sirt3^^^  or  Sirt3'^'  miee  that  were  either  fed  (Fed)  or  fasted 
(Fasting)  for  24  hours.  Protein  extraets  were  solubilized  and  separated  via  eleetrophoresis, 
transferred  to  a  PVDF  membrane,  and  then  probed  with  a  mouse  Sirt3  antibody  (A  kind  gift  from 
Dr.  Miehael  Saek,  NILHK).  Immunoblotting  with  an  FlFo  ATP  synthase  subunit  p  antibody 
(MitoSeienees,  Ine.)  served  as  a  loading  eontrol.  (h)  Fasting  and  Sirt3'^‘  genotype  inerease  total 
mitoehondrial  protein  aeetylation  in  mouse  liver.  Sirt3^^^  (WT)  and  Sirt3'^'  (KO)  mouse  liver 
mitoehondria  were  purified  as  deseribed  above  and  immunoblotted  with  an  anti-aeetyl  lysine 
(AeK)  antibody  (Cell  Signaling).  An  antibody  against  ATP  synthase  subunit  y  was  used  as  a 
loading  eontrol.  Coomassie  staining  of  the  PVDF  membrane  serves  as  an  additional  loading 
eontrol  (right  hand  panel),  (c)  OSCP  eontains  a  reversibly  aeetylated  lysine.  Livers  from 
isogenie,  three-month-old  age-matehed  Sirt3^^^  miee  fasted  for  36  hours  were  harvested,  IPed  with 
an  anti-OSCP  antibody  (Santa  Cruz  Bioteehnology,  Ine.),  and  immunoblotted  with  an  anti-aeetyl 
antibody  (Cell  Signaling,  Ine)  or  anti-OSCP  antibody,  (d)  Mitoehondrial  ATP  levels  in  Sirt3 
wild-type  and  knoekout  eells.  Sirt3^^^  and  Sirt3'^'  MEFs  were  lysed,  and  ATP  levels  were 
measured  using  ehemilumineseenee.  Data  are  presented  as  arbitrary  lumineseenee  units  for  ATP 
levels  as  a  ratio  of  the  level  in  Sirt3^^^  MEFs.  Re-expression  of  wild-type,  but  not  a  deaeetylation 
null  mutant  of  Sirt3,  (e)  deaeetylates  OSCP  and  (f)  restores  ATP  levels  in  Sirt3'^'  MEFs.  Fifth 
passage  Sirt3'^'  MEFs  were  transfeeted  with  a  eontrol  lentivirus  (Con),  virus  expressing  a  wild- 
type  Sirt3  (wt),  or  one  expressing  the  deaeetylation  null  gene  (dn)  in  whieh  amino  aeid  248  has 
been  ehanged  from  a  histidine  to  tyrosine  (Ahn  et  ah,  2008).  Forty  hours  after  infeetion,  Sirt3'^' 
MEFs  were  harvested  and  mitoehondrial  extraets  were  IPed  with  an  anti-OSCP  antibody  (Santa 
Cruz  Bioteehnology,  Ine)  followed  by  immunoblotting  with  an  anti-aeetyl  or  anti-OSCP  antibody. 
These  extraets  were  also  used  to  measure  ATP  levels  as  deseribed  above.  The  results  of  all  the 
experiments  in  this  figure  were  obtained  from  at  least  three  independent  replieates.  Representative 
gels  are  shown.  Error  bars  represent  one  standard  deviation.  *  indieates  P  <  0.05  by  t-test. 

Figure  2,  OSCP  physically  interacts  with  and  co-localizes  with  Sirt3  in  the  mitochondria, 

(a)  Identification  of  proteins  that  co-IP  with  SIRT3.  The  pcDNA5  plasmids  expressing  ACAT2, 
SIRT3,  deaeetylation  null  mutant  {H248Y SIRT3),  SIRT4,  or  SIRT5  with  a  FLAG-tag  and  under  the 
control  of  a  tetracycline-inducible  promoter  were  transfected  into  HEK  cells.  After  induction  or 
control,  cells  were  lysed  and  IP  was  performed  using  anti-ELAG  antibody.  Protein  bands  excised 
from  the  resulting  Coomassie-stained  polyacrylamide  gel  were  identified  by  peptide  mass 
fingerprinting  using  a  MALDI-TOF-TOE  mass  spectrometer.  Mitochondrial  proteins  ATAD3 
(arrowhead)  and  ATP  synthase  subunit  OSCP  (arrow)  are  shown,  (h-c)  Sirt3  physically  interacts 
with  OSCP.  HCT116  cells  were  constructed  to  constitutively  express  either  a  myc  tagged  wild- 
type  (WT)  or  deaeetylation  null  mutant  (DN)  SIRT3.  Cell  extracts  from  WT  or  DN  cells  were  (h) 
IPed  for  OCSP  and  immunoblotted  with  an  anti-SIRT3  antibody  or  (c)  IPed  for  SIRT3  and 
immunoblotted  with  and  anti-OSCP  antibody.  HCTl  16  cells  expressing  a  myc  tagged  SIRT3  were 
stained  with  (d)  SIRT3  and  OSCP  antibodies  or  with  (e)  SIRT3  antibody  and  mitotracker  and  the 
images  were  merged.  Representative  micrographs  are  shown.  Error  bars  represent  one  standard 
deviation.  *  indicates  P  <  0.05  by  t-test. 

Figure  3,  SIRT3  deaeetylates  lysine  139,  (a)  SIRT3  directly  deaeetylates  two  subunits  of  ATP 
synthase.  Fifty  mg  purified  bovine  ATP  synthase  were  mixed  without  or  recombinant  human 
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SIRT3  with  nicotinamide  or  NAD+.  After  one  hour  samples  were  separated  by  PAGE,  followed 
by  immunoblotting  with  an  anti-aeetyl  antibody  (Cell  Signaling,  Inc.).  Antibody  against  ATP 
synthase  subunit  y  was  used  as  a  loading  control,  (b)  Tandem  mass  spectrum  from  OSCP 
demonstrates  acetylated  lysine  139  in  vivo.  Liver  mitochondria  from  wild-type  and  SIRT3'^'  miee 
were  resolved  by  SDS-PAGE  followed  by  in-gel  trypsin  digestion,  separation  by  nano-seale 
reverse-phase  ehromatography  on  reverse-phase  columns,  and  analysis  by  OrbiTrap  analyser  via 
an  eleetro-spray  interface.  The  spectrum  represents  the  fragmentation  of  the  peptide  with  a  mass 
of  1628.9501  corresponding  to  the  sequence  TVL(AeK)SELSPNQILK.  (c)  In  vitro  deacetylation 
of  synthetic  peptides.  Synthetic  peptide  including  acetylated  lysine,  corresponding  to  the 
sequence  of  ATP  synthase  subunit  OSCP  (sequence  EEATLSELKTVL(AeK)SPLSQGQ),  was 
measured  by  MALDI-TOE  (left).  The  predicted  m/z  for  aeetylated  lysine  139  is  2250.57  and  for 
deacetylated  peptide  is  2208.56  m/z.  (d)  Peptides  deaeetylated  by  SIRT3  in  vitro.  Peptides  from 
the  sequence  of  OSCP  were  synthesized  with  aeetylated  lysine  139,  or  threonine  136.  A  peptide 
derived  from  Acetyl  CoA  synthetase  2  (AceCS2)  served  as  a  positive  control,  (e)  OSCP 
acetylation  in  Sirt3  wild-type  and  knockout  mice.  Livers  from  Sirt3’^^’^  and  Sirt3'^'  miee  were  used 
to  isolate  mitoehondrial  extracts  that  were  used  to  determine  the  aeetylation  levels  of  OSCP  amino 
acid  139.  Error  bars  represent  one  standard  deviation.  *  indieates  P  <  0.05  by  t-test. 

Figure  4.  OSCP  contains  an  evolutionarily  conserved  lysine  residue  that  regulates 
mitochondrial  ATP  levels,  (a)  Multiple  species  contain  a  potential  reversibly  aeetylated  lysine 
amino  aeid.  The  OSCP  protein  sequence  from  multiple  speeies  was  BLASTed  based  on  the 
reversibly  acetylated  lysine  loeated  at  amino  acid  139  in  humans  and  mice.  A  17  amino  aeid  motif 
(LSELKTVLK*SPLSQGQV)  was  identified  and  this  motif  is  present  in  multiple  species,  (b) 
Sehematic  for  the  substitution  of  a  lysine  with  asparagine  (N)  to  mimic  an  acetylated  amino  acid 
state,  and  with  arginine  (R)  to  mimie  a  deacetylated  amino  aeid  state  (Li  et  ah,  2007;  Sehwer  et  ah, 
2006).  (c)  OSCP  lysine  aeetylation  status  directs  mitochondrial  ATP  levels.  HCT116  cells  were 
transfected  with  OSCP  wild-type  and  mutant  expression  vectors  (pCMV-OSCP^^^^,  pCMV- 
OSCP^'^^'^,  pCMV-OSCP^'^^'^)  and  analyzed  for  mitoehondrial  ATP  levels  as  deseribed  in  the 
legend  to  Pig.  1.  (d)  Expression  of  exogenous  OSCP  in  the  HCT116  permanent  eell  lines  is 
similar.  The  HCTl  16  eells  expressing  pCMV-OSCP^^^^  pCMV-OSCP’^^^^'^,  pCMV-OSCP^'^‘^-^ 
were  harvested  and  extracts  were  separated  by  SDS-PAGE,  followed  by  immunoblotting  with  an 
anti-OSCP  antibody  (Santa  Cruz  Biotechnology,  Inc).  Experiments  were  done  in  triplicate.  A 
representative  gel  is  shown,  (e-f)  A  representative  side  view  (e)  or  co-axial  view  (f)  3- 
dimensional  rendering  of  the  protein  structure  for  OSCP  as  part  of  the  eomplete  ATP  synthase 
(Rees  et  ah,  2009).  Lysine  amino  acid  139  is  identified  by  a  white  arrow.  As  ean  been  seen,  lysine 
139  is  on  the  outside  of  the  protein  and  as  such,  is  in  an  ideal  position  to  interact  with  other 
proteins  sueh  as  the  Sirt3  deaeetylase.  Error  bars  represent  one  standard.  *  indicates  P  <  0.05  and 
**  P<  0.01  by  t-test. 
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